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ABSTRACT: Splitting of water molecule driven by ultrasound plays a central role in
sonochemistry. While studies of sonoluminescence revealed the formation of a plasma inside
the cavitation bubble, much less is known about the contribution of plasma chemical
processes to the sonochemical mechanisms. Herein, we report for the first time sonochemical
processes in water saturated with pure CO. The presence of CO causes a strong increase of the
H/D kinetic isotope effect (KIE) up to αH=14.6±1.8 in 10%H2O/D2O mixture under 20 kHz
ultrasound. The anomalous H/D KIE is attributed to electron quantum tunneling in the plasma
produced by cavitation. In addition, CO2 formed simultaneously with hydrogen during the
sonochemical process is enriched with 13C isotope, which indicates V-V pumping mechanism
typical for non-equilibrium plasma. Both observed KIE unambiguously point out the
contribution of quantum effects in sonochemical mechanisms.
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Sonochemistry has a long history, dating back to the works of Richards and Loomis1 and
Schmitt et al.2 However, the mechanisms of sonochemical reactions are far from trivial and
far from being understood. The mainstream concept of the chemical processes driven by
power ultrasound is based on the idea of a quasi-adiabatic heating of the gas/vapor mixture
inside the inertial cavitation bubbles (hot spot). In terms of hot spot approach, the cavitation
bubble has a transient equivalent temperature of roughly 5000 K and a pressure around 1000
bar at the last stage of bubble collapse.3 The strong local heating is acknowledged to lead to
homolytic splitting of molecular bonds, yielding highly reactive radicals. Another mechanism
may however also contribute to radical production due to the formation of a non-equilibrium
plasma inside the bubble, as revealed by recent spectroscopic studies of sonoluminescence.4-6
Such a plasma is characterized by the absence of thermal equilibrium: Te > Tv > Tr ≈ Tg, where
Te is the electron temperature associated with the ionization degree of the nonequilibrium
plasma, Tv is the vibrational temperature, which characterizes the level of excitation of
molecular vibrations, and Tr is the rotational temperature often taken as close to gas
temperature (Tg).7 Therefore, the intrabubble conditions cannot be described by a single gas
temperature. In addition, plasma formation implies a strong contribution of vibrationallyexcited and ionized species to the overall mechanism of sonochemical reactions. The
formation of ionized species has been observed during single bubble collapse in H2SO4 using
sonoluminescence spectroscopy.8,9 More recently, it was reported that solvated electrons
escaped from a single collapsing bubble enabled to initiate sonochemiluminescence of Ce3+
and Tb3+ ions in aqueous solutions.10,11 However, observations of specific plasma chemical
effects in sonochemistry are still scarce.
It is known that chemical reactions in plasmas far from equilibrium are often
accompanied by unusual kinetic isotope effects (KIE).7 Recently, a reverse 13C/12C KIE was
observed in the reaction of ultrasonically driven disproportionation of carbon monoxide in
water.12 The solid carbonaceous product formed during this process in the presence of Ar/CO
gas mixture was found to be slightly enriched with the heavier 13C isotope, which is not
consistent with thermal KIE. In terms of "classical" transition state theory of KIE, light
isotopes would react faster because of their higher "zero vibration level".13 On the other hand,
in a non-equilibrium plasma CO disproportionation occurs through an anharmonic vibrationto-vibration (V-V) pumping mechanism, called Treanor effect, leading to reverse KIE due to
the higher Tv of the vibrationally excited species of heavy isotopes.7 It is important to
emphasize that V-V pumping mechanism does not happen under thermal equilibrium.
Therefore, the inverse 13C/12C KIE clearly indicates the absence of equilibrium inside the
cavitation bubble. In addition, a large H/D KIE has been reported for sonochemical splitting
of water molecule in the presence of Ar and Xe.14 Similar to the KIE observed with CO
molecules, the anomalous sonochemical H/D KIE cannot be understood in terms of water
molecule thermal splitting. It was hypothesized that the sonochemical H/D KIE deals with
quantum electron tunneling like what was observed for water radiolysis.14 Despite all efforts,
the contribution of quantum effects to sonochemistry requires further experimental evidence.
To improve the understanding of the mechanisms engendering isotopic selectivity in
sonochemistry, we studied simultaneously H/D and 13C/12C KIE during the sonolysis of
D2O/H2O mixtures saturated with pure CO or 10vol.%CO/Ar gas mixture. In comparison to
pure Ar gas, use of Ar/CO gas mixture induces a dramatic decline in the rate of hydrogen
peroxide formation. In pure CO, the formation of H2O2 completely vanishes whatever the
composition of the H2O/D2O mixture (Figure 1a). By contrast, the formation rate of hydrogen,

W(ΣH2), where ΣH2 = H2 + HD + D2, strongly increases in the presence of CO reaching a
maximum for Ar/CO mixture (Figure 1b). Both phenomena have been attributed to the
scavenging of OH• radicals with CO :12
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where ))) symbolizes a process induced by cavitation event. To the best of our knowledge,
this is the first observation of the sonochemical splitting of water molecule in the presence of
pure CO. It is worth noting that the specific heat ratio, γ = Cp/Cv, is lower for CO (γ = 1.40)
than for Ar (γ = 1.667).15 In addition, the thermal conductivity of CO (25 mW·m-1·K-1 at 300
K) is larger than that of Ar (17.9 mW·m-1·K-1 at 300 K).15 Therefore, no significant H2O
splitting would be expected with CO as a saturating gas according to the quasi-adiabatic
heating model of cavitation. Instead, the observed sonochemical activity with CO can be
understood in terms of a plasma chemical approach. In fact, the ionization potential of CO
(14.01 eV) is less than of Ar (15.76 eV) and very close to that of Kr (13.99 eV), which would
favor plasma formation. On the other hand, the vibrational excitation of CO would require 5.5
eV·mol-1 according to published data7 leading to some dissipation of excitation energy during
bubble collapse. Therefore, the overall sonochemical activity with CO should be lower when
compared to Ar/CO mixture, which is in agreement with the experimental results (Figure 1b).
It should also be noted that H2O2 and H2 formation rates in Ar and Ar/CO are independent
from H2O/D2O ratio indicating the similarity of the intrabubble conditions in H2O and D2O.
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Figure 1. Rate of H2O2 (a), ΣH2 (b), and CO2 (c) formation during the ultrasonic treatment of
H2O/D2O mixtures (f = 20 kHz, Pac = 19±1 W) in the presence of Ar, Ar/10% CO, and CO

saturating gases (T = 20±1°C). In each experiment, the ultrasonic treatment was performed at
least 3 h. Then the reaction rate was calculated from zero-order kinetic plots. *) Data from our
previous study.14

In agreement with reaction 2, the sonochemical process is accompanied by CO2
release. It is worth noting that neither methane nor other hydrocarbons have been observed
under the experimental conditions used in our study. Similarly to ΣH2, the kinetics of CO2
formation is not significantly influenced by the isotopic composition of water (Figure 1c). On
the other hand, Figure 1c points out a higher reaction rate in the presence of Ar/CO gas
mixture compared to pure CO as in the case of hydrogen formation. In addition, TOC analysis
shows the presence of ca. 5 and 4 ppm of organic carbon in sonicated solutions with CO and
Ar/CO, respectively, implying that CO is not only involved in the reaction with OH• radical,
but also in other processes leading to some organic compounds. The results of ionchromatography analysis summarized in Table 1 reveals the presence of formic acid as the
major product with some amounts of oxalic and acetic acids. Formic acid is most likely
formed by direct hydration of CO within the cavitation bubble:
CO + H2O ―))) → HCOOH

(4)

In a non-equilibrium plasma, reaction 4 is triggered by vibrational excitation of CO (0 → ν′ =
1, 2… 10) after 1-3 eV electron impact.7,16 On the other hand, the thermally activated reaction
between CO and H2O, known as water gas-shift process (WGSP), yields CO2 and H2 rather
than HCOOH.17 Oxalic and acetic acids can be formed in sonochemical processes as
secondary products of formic acid oxidation by OH• radicals.18,19 This assumption is
confirmed by the data gathered in Table 1, which demonstrate that the presence of Ar/CO
causes a decrease in HCOOH concentration but a larger concentration of H2C2O4 when
compared to neat CO. As shown in Figure 1a, OH• radicals are less effectively scavenged in
Ar/CO than in CO providing better HCOOH oxidation.
Table 1. Ion-chromatography analysis of organic species formed during the ultrasonic
treatment of 10H2O/90D2O mol % mixture in the presence of Ar/10 mol % CO and CO gases.
f = 20 kHz, P = 19±1 W, T = 20 °C, time of ultrasonic treatment – 4 h. The details of ionchromatography analysis are shown in Figure S2.
Carrier gas
CO
Ar/CO

HCOOH
ppm
5.2±0.3
2.6±0.3

H2C2O4
ppm
0.45±0.02
1.1±0.1

CH3COOH
ppm
0.6±0.2
0.5±0.1

The ultrasonic treatment of H2O/D2O mixtures also causes the formation of a black
solid residue. HRTEM (Figure 2a) and STEM/EDX (Figure S3) analyses revealed that this
residue is composed of some plate-like carbonaceous particles and submicronic titanium
particles with an irregular shape. The latter originate from the cavitation erosion of the
ultrasonic horn. The FTIR spectrum of the black solid (Figure 2b) exhibits two broad bands
centered at ca. 2350 and 2100 cm-1 attributed to CO2 trapped in the solid matrix and C=O
bond vibration in ketene group C=C=O respectively.20 It is interesting to emphasize that

ketene is a fingerprint of polymerized carbon suboxide, (C3O2)x, whose formation was
reported in non-equilibrium plasmas by a vibrational excitation mechanism:7
CO + e- → CO*

(5)

CO* + CO* → C + CO2

(6)

C + CO → C2O

(7)

C2O+
(8)

→

CO

C3O2

→

xC3O2
(9)

(C3O2)x

On the other hand, the Raman spectrum acquired on the black residue (Figure 2c) shows D
(ca. 1350 cm-1) and G (ca. 1590 cm-1) bands as well as their overtones at 2500-3200 cm-1
which are representative of disordered graphitic carbon.21,22 It is worth noting that (C3O2)x
polymer is not stable even at mild temperatures eliminating CO2 and yielding carbon-rich
species.23,24 Therefore, one can conclude that the composition of carbonaceous products
agrees well with a plasma-like mechanism of sonochemical process. It also cannot be totally
excluded that organic acids observed in solution are formed as a result of (C3O2)x degradation.
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Figure 2. HRTEM image (a), FTIR (b) and Raman (c) spectra of a black solid residue formed
during the sonolysis of 10%H2O/90%D2O mixture in the presence of neat CO, f = 20 kHz, Pac
= 19±1 W, T = 20±1 °C.
Hydrogen released during water sonolysis is enriched with light isotope. Figure 3a
reveals several striking dependencies of H/D isotope separation factor, αH, as a function of the
carrier gas and H2O/D2O ratio. An increase in CO content in the saturating gas results in a
drastic enhancement of the H/D KIE reaching a maximum αH value of 14.6±1.8 for pure CO.
For comparison, the highest αH value reported for pure Ar is about 2.15±0.20.14 These effects
are much larger than H/D KIE of water molecule thermal dissociation determined by zeropoint energy difference of the ground states for OH/OD bonds (ΔE = 5.89 kJ mol-1) and
estimated as αH = exp(ΔE/RTg) = 1.15 at Tg = 5000 K. In terms of plasma chemical approach,
such a strong sensitization of H/D KIE can be attributed to the essential difference in the
reaction pathways with Ar and CO.
In Ar, sonochemical splitting of H2O would occur by ionization via electron impact or
by dissociative excitation transfer between metastable argon Ar* and water molecule:
Ar ―)))→ Ar+ + e- (15.76 eV)

(10)

e- + Ar → Ar* + e- (11.72 eV)

(11)

e- + H2O → 2e- + H2O+ (12.65 eV)

(12)

Ar* + H2O → Ar + H + OH• (5.1 eV)

(13)

In low electron density plasmas, collisions between Ar* and H2O are responsible for more
than 60% of H and OH• production.25 Generally speaking, process 13 is equivalent to the
thermal homolytic dissociation of H2O and therefore should not exhibit a significant H/D
KIE. In addition, electron attachment to OH• radical26 would decrease the electron density
inside the bubble leading to the diminishing of ionization reaction pathway. It is important to
emphasize that water splitting via dissociative ionization would exhibit large H/D KIE as it
will be discussed further below.
The lower ionization potential of CO compared to Ar provides more efficient
ionization of H2O (reaction 12) and vibrational excitation of CO as well:
CO ―))) → CO+ + e- (14.01 eV)

(14)

e- + CO → CO* + e- (5.5 eV)

(15)

In addition, scavenging of OH• radicals with CO would minimize electron loss in the
sonochemical plasma via electron attachment to OH• radical. It is therefore conceivable that
the dissociative ionization of H2O plays a much more important role in the presence of CO
than in Ar. For the understanding of the H/D KIE in the studied systems it is essential that the
electron readily forms cluster anions with water, (H2O)n-, where the number of water
molecules, n, varies from ca. 15 to 35 depending on the experimental conditions.27,28 It should
be noted that the electron solvation time is about 0.3-1.0 ps,25 which is much shorter than the
lifetime of the sonochemical plasma (40-350 ps) measured for a single cavitation bubble.29 In
addition, the high intrabubble pressure would favor the formation of electron-water clusters.
Therefore, the H/D KIE in the studied system is determined by electron transfer to hydronium
species with different isotope compositions through the shell formed by water molecules (αH
= kH/kD). Considering for simplicity that [D2O] > [H2O], the plasma chemical mechanism of
hydrogen emission leading to large KIE can be described as follows:
e- + nD2O → (D2O)n-

(16)

D2O+ + D2O → OD• + D3O+

(17)

D3O+ + HDO  D2O + HD2O+ (K > 1)

(18)

(D2O)n- + HD2O+ → H + (n+1)D2O (kH)

(19)

(D2O)n- + D3O+ → D + (n+1)D2O (kD)

(20)

It should be noted that the cations D3O+ and HD2O+ are formed almost immediately from
D2O+ species upon hydrogen transfer.30
In general, the plasma chemical mechanism of sonochemical water splitting is
somewhat similar to the mechanisms reported for water radiolysis or electrolysis.30,31 The
latter two processes exhibit anomalous H/D KIE. In electrolysis, αH values range from 3.8 to
13.3.30 In radiolysis, very high αH values of about 10 – 102 observed in frozen solutions have
been attributed to quantum electron tunneling.31 The high H/D KIE reported in this work in
the presence of CO strongly supports the idea about electron tunneling in sonochemical
processes as well. According to Wentzel-Kramer-Brillouin (WKB) approximation (21 and
Supporting Information),32 KIE via quantum tunneling is due to the ratio of electron tunneling
probabilities, Pt, from electron-water cluster toward HD2O+ and D3O+ hydronium species.

(21)

The Pt is exponentially inversely proportional to the potential barrier width, L, and to the
square root of the difference between the activation energy, Ea, and the kinetic energy of the
electron, E. In the studied system, the potential barrier width is determined by the electron
transfer through several water molecules. It is known that deuteration results in a global
change of hydrogen-bonded supramolecular structures.33,34 Therefore, even a small difference
in HD2O+ and D3O+ configuration leads to a large H/D KIE. Figure 3a shows that the H/D
selectivity increased with increasing D2O concentration for both saturating gases, Ar/CO and
CO. A similar trend reported for water radiolysis has been attributed to the greater lifetime of
solvated electron in D2O compared to H2O,29 which is consistent with the heterolytic reaction
mechanism proposed in this work for sonochemical water splitting.
It should be mentioned that the CO + OH• reaction is also accompanied by an H/D
KIE.35-37 The αH values depend on pressure and at near room temperature decrease from about
2 at 0.27 bar to about 1.2 at 0.93 bar. Consequently, this effect would be insignificant in
sonochemical process because of the high pressure developed within collapsing bubbles.
Numerical simulation of single bubble cavitation suggested that two other processes (22, 23)
could contribute to the sonochemical hydrogen production during water sonolysis.40,41
However, both reactions involve homolytic splitting of OH bonds and according to the zeropoint energy approximation mentioned above should not exhibit significant H/D KIE at Tg =
5000 K.
H + OH• → H2 + O

(22)

H + H2O → H2 + OH•

(23)

In contrast to hydrogen, the simultaneously released CO2 is enriched with heavier
isotope 13C during the studied process. Figure 3b shows that the αC value equals 1.26±0.05
whatever the used carried gas or water isotopic composition. As mentioned above, the inverse
13 12
C/ C KIE is most likely to be attributed to CO disproportionation via V-V pumping
mechanism (reaction 6). In general, for a strongly non-equilibrium process (Tv > Tg), the value
of isotope separation factor can be expressed as7
(24)
where

is the relative isotopic shift of oscillation frequency and Ea is the activation energy.

In non-equilibrium plasmas, heavy isotopes react faster due to higher vibrational temperature.
It is interesting to note that the 13C/12C isotopic selectivity in sonochemistry seems to be lower
than in non-equilibrium plasmas generated by electric discharge in CO gas where the αC value
can reach 2 or 3 at near room Tg temperature (38, 39). This difference can be attributed to the
high gas temperature inside the bubble leading to a drop of αC value according to equation 24.
Using the values of

, Ea = 6 eV, Tg = 0.43 eV, and Tv = 5.5 eV available in the

literature for CO molecule, the estimated αC value to be equal to 1.7, that is still larger than
7

the experimental value. The main reason of such discrepancy would be that the 13C-enriched
CO2 originated from CO disproportionation is diluted by a much less enriched CO2 formed by
CO oxidation with OH• radical.
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Figure 3. (a) H/D isotope separation factor for released hydrogen as a function of the carrier
gas and H2O/D2O ratio. Ar* is the value of H/D αH reported for 10vol.%H2O/D2O mixture in
pure Ar,14 (f = 20 kHz, Pac = 19±1 W). (b) 13C/12C isotope separation factor for released CO2
as a function of the carrier gas and H2O/D2O ratio. Measured initial (13C/12C)0 ratio equal to
(1.12±0.05)·10-2 is close to the natural abundance of 13C isotope.

In summary, this study provides new insights into the origin of sonochemical activity.
Large H/D KIE values boosted by CO were observed during the ultrasonic treatment of
H2O/D2O mixtures and indicate an electron quantum tunneling mechanism. The surprisingly
high sonochemical activity of CO in water leading to the emission of CO2 and formation of
solid carbonaceous products, as well as an anomalous inverse 13C/12C KIE revealed in this
work are made possible by the formation of a non-equilibrium plasma inside the cavitation
bubbles. The major finding of this work is that quantum effects are indeed important to
understand the chemical processes triggered by acoustic cavitation. In this view,
sonochemistry may be considered in light of the Third Reactivity Paradigm. This term was
recently introduced by Schreiner to highlight the importance of quantum effects for the
control of chemical reactions along with thermodynamics and kinetics as factors that can
determine the reaction pathway.42 Quantum effects in sonochemistry open new perspectives
in terms of selectivity and efficiency of the chemical processes driven by cavitation and
bridge the gap between sonoluminescence and kinetics of many sonochemical reactions,
which is still not understood in terms of quasi-adiabatic heating approach.
EXPERIMENTAL METHODS
The experiments were performed using 20 kHz ultrasound. The thermostated
sonochemical reactor sparged with saturating gas has been described in our previous
studies12,14 and is shown in Figure S1. The temperature in the reactor during the process was
maintained at a steady-state temperature of 20±1°C. The specific absorbed acoustic power, Pac
= 19±1 W, transmitted to the solution was measured by conventional thermal probe method.
Formation of H2, HD, D2, 13CO2, and 12CO2 isotopic species was monitored in the outlet gas
by mass spectrometry. Hydrogen peroxide in sonicated solutions was measured by absorption
spectroscopy with the formation of a colored Ti(IV) peroxide complex (λ = 410 nm, ε = 726
cm-1 M-1). Further experimental details are described in Supporting Information.
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