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%? Abstract

32

33 pH determination is a routine measurement in scientific laboratories worldwide.
4
5 Most major advances in pH measurement were made in the 19th and early 20th

_S century. pH measurements are critical for the determination of acid base reactions.
38 This study demonstrates how an acid-base reaction can be monitored without the
39

40 use of a pH probe, indicator and titres of reagent. The stoichiometric reaction
41

42 between carbonate and HCI acid yields specific quantities of CO2, which causes
ji reproducible changes to the compressibility of the solvent. This in turn slows down
45 the speed of sound in solution which is induced by a magnetic follower gently
46

47 tapping the inner wall of the vessel. As a consequence the frequencies of the
48

49 acoustic resonances in the vessel are reduced.

50

51 This approach is called Broadband Acoustic Resonance Dissolution Spectroscopy
52

53 (BARDS) which harnesses this phenomenon for many applications. The acid-
gg carbonate experiments have also been validated using H2S04 acid and using both
g? potassium and sodium counterions for the carbonate. This method can be used to
58
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interrogate strong acid-base reactions in a rapid and non-invasive manner using
carbonate as the base. The data demonstrates the first example of a reactant also
acting as an indicator. The applicability of the method to weak acids has yet to be
determined. A novel conclusion from the study is that a person with a well-trained
ear is capable of determining the concentration and pH of a strong acid just by

listening. This brings pH measurement into the realm of human perception.
Introduction

The evolution of acid base theory is long and interesting, starting in earnest with
Antoine Lavoisier in 1776,! with important contributions by Von Liebig in 1838,2 to
Arrhenius in the 1880’s. Arrhenius along with Friedrich Ostwald established the
presence of ions in solution due to the dissociation of an acidic compound.? Forty
years later Brensted and Lowry proposed the idea of protonation and de -
protonation as a donate and accept process for acids and base.*? It was Gilbert Lewis
who further added to the definition of non-protic acid base reactions, which is based
in terms of electron donation and acceptance.®

From a practical stand point, Sorensen developed a colorimetric assay for
acidity in 1909 and introduced the concept of acidity as -log[H*].” It was not until
1930 that the first glass electrode capable of measuring H* ions was developed. This
was improved upon by Beckman five years later. Ultimately, this lead to the
development of the modern pH meter.8 Despite advances in pH measurements the
requirement for titrimetry has remained since it was introduced by Karl Mohr in the
1850’s.? This paper introduces a new end-point determination of an acid-base
reaction in the absence of a conventional probe, indicator or titrimetry. Typically, an
end-point can be determined by a colour change or by monitoring pH. However, in
the method presented here an audible frequency determines the end point and the
reactant itself (base) is the indicator.

Both Frank Crawford and A.B. Woods independently derived a relationship
between the compressibility of a solvent and the speed of sound therein.101 It has
also been established by the current authors that during the dissolution of a solute

there are reproducible changes in the compressibility of a solvent due to entrained
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1
2
3 gas and the generation of gas bubbles due to the reduction in the solubility of
4
5 dissolved gas in solution. These transient changes in compressibility are due to
? highly ordered processes in terms of gas bubble nucleation, evolution and liberation
g from solution. These relationships now underpin a new platform technology called
10 Broadband Acoustic Resonance Dissolution Spectroscopy (BARDS).12-15
1
gz Although, BARDS applications have focused on gas evolution during dissolution of
gi a solute in a liquid medium, this paper focusses on gas evolution as a result of a
%2 rapid chemical reaction following the mixing of two solutions.
‘27 BARDS analysis of an induced acoustic response is focused on the lowest
8
§9 variable frequency time course, i.e., the fundamental resonance mode of the liquid in
(2(1) a vessel (Figure 1). Its frequency is determined by the sound velocity in the liquid
%g and the approximate but fixed height of the liquid level, which corresponds to % of
%4 its wavelength!?. Thus Crawford was able to derive Equation 4.
5
26
27 _ __ freaw ,
gg freq = ST Equation 1
S0
51
gg where frequ and freq are the frequencies of the fundamental resonance modes in
4 pure and gas-filled water, respectively and f; is the fractional volume occupied by
5
36 COz bubbles. The frequency minimum (fmin) of the BARDS response represents an
7
38 equilibrium between the rate of formation of gas in solution and the rate of liberation
zg of gas from the surface of the solvent. The solution is at its most compressible at this
41 point. Figure 1 shows the BARDS spectrum for the 1:2 stoichiometric reaction of
42
43 sodium carbonate with hydrochloric acid in 25 mL of deionised water.
44
45
46 .
Experimental
47 Experimental
48
49 Materials
50
51 The following materials used were of Analar grade and were purchased from Sigma
52
53 Aldrich and VWR international; sodium carbonate (57795), potassium carbonate
4
gS (12611) and hydrochloric acid (SZBD3160V) sulphuric acid (K47573680). Deionised
g ? water was used for preparation of all solutions used in the experiments.
58
59
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Instrumentation

A BARDS spectrometer was procured from BASL Ltd. (BARDS Acoustic Science
Labs, Cork, Ireland) A typical BARDS spectrometer consists of a chamber with a
custom glass tumbler, microphone and a magnetic stirrer and follower. The
dissolution vessel can be accessed from the front and at the top in order to place a
sample in a weighing boat on a tipper motor for introduction of the solute. However,
for the experiments presented here the liquid solutions of acid or base were
introduced manually. The microphone is positioned directly above the dissolution
vessel within the housing. The resonances of the liquid vessel are recorded in a
frequency band of 0-20 kHz. The microphone registers the acoustic resonance
changes of the vessel which are monitored in real time using dedicated integrated

computer software on a PC.

Method

In a typical experiment, the spectrometer records the steady state resonances of the
system as a reference for thirty seconds when the stirrer is set in motion before the
addition of the powder sample. However, in an acid - base experiment 5 mL of an
acidic solution was mixed with 20 mL of carbonate solution which affects the
reference resonance. The pitch of the resonance modes in the solution change
significantly, when the acid and carbonate are added together, before gradually
returning to steady state over several minutes (Figure 1). All experiments were
performed in duplicate. Under standardised conditions (constant volume,
concentration, temperature and stirring rate) the time courses of the observed

acoustic profiles are highly reproducible.
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24 Figure 1: BARDS profile for the stoichiometric reaction between a sodium carbonate solution and a

6 HCI solution. Note the frequency drop from 12 to 3 kHz after the addition of reactants at 30 s.
@8 Results

The overall reaction of HCI with sodium carbonate or potassium carbonate takes the
32 form of Equation 2 and the stoichiometry is the same irrespective of the counter

4 cation being sodium or potassium.
6 2HCI + Na,COs— H20O + CO2 + 2NaCl Equation 2
39 In fact there are several equilibria involved as shown in Equation 3-5.
41 COs* + H* <=>HCOs Equation 3
43 HCOs + H* < = >H,CO; Equation 4
46 H2COs < => HO + COz (dissolved or gaseous) Equation 5

48 Figure 2 (A) shows the BARDS spectra for the addition of 5 mL of HCI acid to 20 mL
50 sodium carbonate base and also a reverse experiment with the addition of the base
5o to the acid. Note the volume line has a value of 12.0 kHz for 20 mL of sodium
carbonate before the acid is added. Alternately, 5 mL of acid in the vessel produces

55 and resonant frequency >of 14 kHz. The 1:2 reaction results in a decrease in the
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resonant frequency of the volume line to a value of 3.9 kHz irrespective of the initial
resonant frequency. This is due to the production of COz as a product of the reaction
which changes the compressibility of the reaction. The experiment demonstrates that
COz production is independent of the sequence of addition of the acid to the base or

vice versa.

The return to steady state of 10.2 kHz at 800 s is the same for all four spectra in
Figure 2 (A) due to the final volume of 25 mL being the same for all the experiments.
The frequency decrease after the addition of either acid or base is due to gas
evolution in the solution as a result of the rapid reaction. The frequency minima

(fmin) is reached almost instantaneously after the reactants are added together at 30 s.

Frequency(kHz)
©

Frequency (kHz)
fe-]

—e— 5X 10 moles Na,CO, + 5 X 10 moles HCI (1:1)

—— 5X 10 moles Na,CO, + 6.25 X 10 moles HCI (1:1.25)
—— 5X 10 moles Na,Co, + 7.5 X 10™ moles HCI (1:1.5)
—— 5X 10 moles Na,CO, + 8.75 X 10 moles HCI (1:1.75)

4 —s— 5X 10* moles Na,CO, + 1 X 10° moles HCI
—e— 1X10° moles HCI +5 X 10 moles Na,CO,

2 . ; . ) —=— 5X 10 moles Na,CO, + 1 X 10° moles HCI (1:2)
0 200 400 eoo 800 0 200 400 600 800
Time(S) Time (8)
14 14

Frequency (kHz)
®

Frequency (kHz)
©

—— 5x10* moles Na,CO,+ 1 x 10° moles HCI (1:2)
—— 5x10*moles Na,Co,+ 1.5 x 10 moles HCI (1:3)
—e— 5x10* moles Na2CO, + 2 x 10° moles HCI (1:4
—— 5x 10 moles Na,CO, + 2.5 x 10° moles HCI (1:5)

—— 5X 10" moles K,CO, +5 X 10*moles HCI (1:1)
41 —— 5X 10 moles K,CO, + 7.5 X 10”moles HCI (1:1.5)
—e— 5X 10 moles K,CO, +8.75 X 10*moles HC (1:1.75)
—— 5X 10" moles K,CO, + 1 X 10° moles HCI (1:2)

T T T .
0 200 400 600 800
Time (S)

0 20 400 600 0
Time (S)

Figure 2: (A) BARDS spectra for the reaction of 20 mL sodium carbonate and 5 mL of

hydrochloric acid. The blue profile represents addition of 5mL of HCI to 20 mL of sodium

carbonate. The green profile represents the opposite sequence of addition. (B) The changing

BARDS response upon decreasing the HCl amount below 1:2 stoichiometry. (C) The

changing of the counter ions from sodium to potassium has no effect on the resulting spectra
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1

2

3 for the acid base reaction. (D) BARDS spectra of increasing amount of HCl where sodium

g carbonate is the limiting reagent.

6

7

8

9 HClI as limiting reagent

10

g; The next logical step was to vary the amounts of the reactants to establish if there is

33 an associated change in the acoustic response (fmin). Figure 2(B) shows BARDS

J4

a5 spectra for the addition of decreasing amounts of HCI to a fixed amount of sodium

J6 o :

57 carbonate. These spectra show a reduction in the volume of CO; gas produced which

;ég corresponds to an increase in the fmin values with decreasing amounts of HCl. When

%O the stoichiometry reduces to 1:1 there is a flat line response, which suggests that no
1

22 COz gas bubbles are liberated into the solution at this ratio. The change of the

23

34 sodium cation to potassium results in the spectra in Figure 2 (C). The spectra are

%2 identical to those for the reaction between sodium carbonate and HCI. Therefore,

;%7 this data strongly supports the hypothesis that the spectra solely represent the CO>
8

99 gas production due to the acid base reaction.

S0

%; Sodium Carbonate as limiting reagent

33 - . .

&4 The data in Figure 2 (D) shows the BARDS response upon increasing the amounts of

=2 HCI sequentially. There is no difference in all four BARDS spectra, showing that the
7 amount of sodium carbonate is limiting.

38

39 . . . .

40 Until now tests were carried out with a maximum amount of 5 X 104 moles Na>COs3,

2; whereby the maximum gas evolution was attained at an amount of 1 X 103 moles

43 HCI (1:2 stoichiometry). In a subsequent experiment an amount of 5 X 10-3 moles

44

45 HCI was used and a range of amounts of Na,COs was tested. Figure 3 (A) presents

46 .. . C . .

47 the results whereby HCl is in excess and carbonate is the limiting reagent. A six fold

jg increase in amount of carbonate results in a decrease of 6.5 kHz in the frequency

50 minima.

51

gg The reaction at the highest amount of NaxCOs in Figures 3 (A) were observed to

54 ‘tizz’ as the reaction became more vigorous in solution. Therefore, it was decided not

55

56 to increase the concentrations any further to avoid less favourable conditions for

57

58

59
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BARDS experiments. Vigorous gas evolution causes disruption of the liquid surface
which causes interference in the BARDS signal. Therefore, the highest concentration
is defined as the upper limit of detection for the reaction and the data in Figure 2 (B)

and (C) determine the lower limit of detection.

" 0.012
—— Na,CO, 1:1 HCI
12 4o
A 0.010 B —+— Na,CO, 1:1.25 HCI
—— Na,CO, 1:1.5 HCI
10 Na,CO, 1:1.75 HCI
§ ' 0.008 4 —+— Na,CO, 1:2 HCI
=, =
g ] )
2 5 0.006
5 S
3 6 >
g 2
I —e— 25X 10 moles Na,CO, + 5 X 10° moles HCI O 0.004 1
41 —+— 5X10* moles Na,CO,+ 5 X 10° moles HCI
—e— 7.5X 10 moles Na,CO, + 5 X10° moles HCI
24 —=— 1 X10® moles Na,CO,+ 5 X 10° moles HCI 0.002
—+— 1.5X 10° moles Na,CO, + 5 X 10° moles HCI
0 T T " 0.000 7 ; i
0 200 400 600 800 0 200 400 600 800
Time (S) Time (s)
14
4 12 AT D
b 101 \/,f
=3 —
N
©
E 64 T
g ° < 8
S g
g g
g g °
& E —e— 2.5X 10* moles Na,CO,+ 5 X 10" moles HCI
£ 8 41 —+— 2.5X 10" moles Na,CO,+ 2.5 X 10* moles H,SO,
—— 5X 10™ moles Na,CO, + 1 X 10° moles HCI
2] —— 5 X 10* moles Na,Co, + 5 X 10 moles H,SO,
—— 1X10° moles Na,CO, + 2 X 10 moles HCI
10 ‘ ‘ ‘ ‘ ‘ —— 1X10° moles Na,CO, + 1 X 10° H,SO,
4 6 8 10 12 14 16 0 " T T
Moles of HCI added (x10%) 0 200 400 600 800
Time (S)

Figure 3: (A) BARDS spectra of increasing concentration of sodium carbonate as the limiting
reagent with excess HCl. (B) Gas volume plot for the reaction of sodium carbonate with
hydrochloric acid. The data in Figure 2(B) was used. (C) fmin values v acid concentration
from data in Figure 2 (B) with some data added from additional experimens. (D)

Comparison of BARDS profiles of mono-protic and di-protic acid base reactions.

Di-protic Acid Base Reactions

A further confirmation that the BARDS response is due to the reaction and gas

evolution is shown when half the amount of a di-protic acid was used. Figure 3 (D)
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1

2

3 shows that half the concentration of sulphuric acid yields the same BARDS response

4

5 as twice the concentration of HCL

6

7 Gas Volume Calculations

8

? 0 The Crawford equation allows the conversion of frequency data in Figure 2 (B) into

g1 gas volume data. Figure 3 (B) shows the non-linear production of CO2 and the data

42

43 suggests that a 1.6 fold increase in the amount of HCI results in a 29 fold increase in
4

§5 gas production. In the simple assumption that for the 1:2 reaction ratio the

g? conversion into COz gas bubbles is instant and complete, the maximum gas volume

§8 (which was reached almost immediately after mixing) should correspond to the total
9

%O amount of CO; gas that can be produced by 5.0 x 104 moles of NaxCOs. This yields a
1

%2 volume of (5x10) x (24 x10%) mL = 12 mL for the expected volume of CO: to be

gi produced with a molar gas volume of 24 L. In Figure 3 (B), the maximum volume

%5 attained immediately after addition of the acid is 10 x10-* mL, which is 1200 times
6

27 less than theoretically produced. The assumption that the conversion into COz gas

38

39 bubbles is instant and complete may not be correct. If, for example, 12 mL of gas

%? were added instantaneously to 25 mL of solution by syringe, there would be a

gz vigorous deployment of gas mimicking 100% gas evolution of the acid base reaction.
3

84 However, this vigorous gas evolution is not observed. A BARDS test for
5

36 oversaturation has been previously presented (Fitzpatrick et al., 2014) whereby the

3; dissolution of a compound in a saturated solution will produce an over-response

zg (lower fmin). This experiment was performed on the acid base solutions, post

41 reaction, and there was no such over-response observed. Therefore, it is

42

43 hypothesised that just a fraction of the CO; product exists in the gaseous state and

j;' that the majority of the CO> remains dissolved until it is exchanged at the liquid/air

j? interface without BARDS detection.

4

42 The data in Figure 3 (C) shows the inverse relationship between fmin and moles of

g? HCI added in the experiments shown in Figure 2(B). Additional experiments were

52 conducted to define the curve. The data reaches a plateau at 4 kHz due to the

53

54 limiting concentration of Na,COs; which is reached when the HCl concentration

gg reaches 1.0x103 M. It is therefore possible to determine the concentration and pH of

57

58

59
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a strong acid from the curve by obtaining the fmin during a standardised reaction

using BARDS.

FurtherAnalysis of the CO» gas Volume Response.

Figure 4 (A) shows a log plot of the gas volume calculated using the Crawford
equation. There is a linear decay yielding a kinetic rate constants for the CO; escape
/ release from solution. The release of gas is independent of the stoiciometry of the
reaction (see supplementary information). The rate constant (kd4) for decrease of
compressible gas in the solution is given by the descending slope in Figure 4 (B) with

a kq value of 7.2x 10-3 s-1 obtained.

0.012 4
0.010 + -5
-3 0.008 | . 67
S )
by £
g 2 74
5 0.006 S
s 4
% o
O 0.004 4 5
94 —e— Ln(Gas Vol)
—e— Gas Volume (mL) Ln: natural logarithm
0.002 —— Regression
-10 4
0.000 T T T 11
0 200 400 600 800 . ' ' '
0 200 400 600 800
Time (s) Time (s)
0,010 -4
5
0,008 C 61
-7
z 0
é 0,006 g 8
P ]
£ S 94
2 7}
o ©
> -10 4
o 0,004 - o
© 1=
(0] 4 114
124 —e— Ln(Gas Volume)
0,002 Ln: natural logarithm
134 — Regression
14
0,000 * -0 T ————@ T T T T T T T
0 200 400 600 800 0 50 100 150 200 250 300 350 400
Time (s) Time (s)

Figure 4: (A) Gas volume plot of the stoichiometric acid base reaction. (B) Natural log plot of
the data in (A) with regression line shown. (C) Gas volume plot of the dissolution of 0.5 M
KCl in water (D) Natural log plot of the data in (C).
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:

3 Assuming that the decrease rate (kd) of compressible gas represents the bubble

: escape/elimination rate (kel) from the solution (thus kq = ke)) we can estimate the

g total amount of CO2 gas produced (Dgss) upon addition of HCl to the Na>COs

g solution or vice versa as follows: Dgas = AUV x ke, where AUV (mL.s) is the total
10 area under the gas volume/time course and ke (s7) is the rate constant for the first

g; order gas elimination process. Therefore, AUV= 1.24 mL.s and ke = 7.2x 103 s

gi yielding a volume of 8.9x 103 mL (1350 times less than theoretically produced).

%5 However, it may well be that the decrease rate of the compressible gas is not

g? determined by the elimination rate of gas bubbles from the solution, but by the

Z’gg generation of compressible gas. This might then be attributed to e.g. slow

%? dehydration of carbonic acid (H2COs -> CO2 + H2O) or the low gas bubble nucleation

%g rate, when two liquids are mixed.

24 A BARDS experiment was performed in which a small amount of KCl was dissolved

%2 in water to determine the bubble elimination rate constant correctly. It is assumed

;%Z; that the gas volume disappearance rate is determined by the gas elimination process.

%g In this case a value of 2.86 x 102 s was obtained for kei. Since this ke is four times

31 higher than the earlier determined kg it is indeed shown that the gas bubble volume

gg generation rate is rate determining in the decrease of compressible gas from the
g solution. An improved estimate for the total amount of CO2 gas produced (Dgas) is

ZS Dgas = AUV x kel = 1.24 mL.s x 2.86 x 102 s1 = 35 x 10-3 mL, which is 343 times less
38 than theoretically produced.

10

2; Discussion

43

44

45 The data demonstrates remarkable new insights into acid - carbonate base reactions.

j? The compressiblity of the reaction solution changes in a very ordered way which has

22 not been understood or studied before. The data also presents many questions
50 regarding the fate of COz produced during the acid base reactions. Crawfords
; equations indicates that just ~0.1% of the expected CO; exists as gas in solution as
;31 the reactions proceeds. Carbon dioxide is soluble in water, in which it reversibly
gg forms H>COj;, which is a weak acid. The majority of the carbon dioxide is not
57

58

59
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converted into carbonic acid, but remains as CO; molecules, not affecting the pH.
However, as the reaction ratio changes from 1:1 to 1:1.75 the pH drops from 7.5 to
6.0, respectively which indicates an increase in ionised carbonic acid(see
supplementary information). There is a further significant decrease to pH 3 observed
for the 1:2 reaction. This low value is attributable to a slight excess of the
hydrochloric acid.

Fordtran et al. (1984)1¢ designed an experiment to measure the amount of CO>
produced during the reaction of HCl and bicarbonate. However, there are major
differences in the experimental setup which make detailed comparisons with
BARDS data difficult.

The presence or role of nano-bubbles of CO2 cannot be ruled out given the growing

knowledge of their existence and persistence in solution (Leroy et al., 2016). "

Conclusions

The relationship between moles of acid added and the compressibility of the
solution during an acid base reaction is clearly demonstrated. The bulk
compressibility changes are associated with the generation of CO. gas. The
measurement can be achieved without the need for a submerged probe, indicators or
consecutive titres. Given the audible nature of the resonant reaction vessel, it is
possible to determine the pH acoustically.

The fate of CO2 produced during the reaction of acid and carbonate is determined to
be about 0.1% gaseous which is conducive to BARDS quantitative measurement. The
bulk of CO; produced remains largely dissolved probably followed by slow release
over time.

COz plays a vital role in many biological and environmental processes. BARDS data
provides new insights into its fate in aqueous solutions in terms of gas evolution and

loss in the presence of a chemical reaction.
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The concentration ranges of acid and base within which BARDS measurement can
be made is narrow for routine applications. However, the method is simple and
elegant.

Future work will focus on weak acid and base reactions. Experiments will also
demonstrate how BARDS elucidates quantitatively the hydrogen production in an
electrolytic cell and also its production during the synthesis of gold nanoparticles

using gold chloride and borohydride.
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