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We studied sonochemical reactions resulting from ultrasonic treatment of potassium hexacyanoferrate(Il) in
aqueous solutions using a custom-built apparatus working at 536 kHz. We concluded that primary reactions are
completely dominated by oxidation of Fe(II) to Fe(III) and did not find any evidences for degradation of cyanide.
At the highest concentration used in the present study (0.1 M) we detected formation of pentacyanoaquaferrate
(II) complex, which is most probably formed in reactions between hexacyanoferrate(IlI) anions and hydrogen

atoms or hydrated electrons formed in sonochemical processes. We also determined that hydroxyl radicals
formation rate in our system, (8.7 * 1.5)10~% M:s™?, is relatively high compared to other reported experi-
ments. We attribute this to focusing of the ultrasonic wave in the sample vessel. Finally, we suggest that oxi-
dation rate of hexacyanoferrate(II) anions can be a convenient benchmark of efficiency of sonochemical reactors.

1. Introduction

The chemical effect of ultrasonically-induced or hydrodynamic ca-
vitation has been long recognized as a potent tool for facilitating che-
mical reactions [1-9]. In particular, ultrasonic treatment of aqueous
solutions leads to oxidation of dissolved substances and falls into the
category of advanced oxidation process (AOP) [10-13]. The main
process underlying oxidation in water exposed to ultrasound has been
identified as generation of hydroxyl (OH-) radicals due to thermal
dissociation of water in collapsing cavitation bubbles [11]. Reactions of
these radicals with other molecules present in the solution may lead to
formation of further oxidising species, especially if gases such as
oxygen, nitrogen and ozone are dissolved. The catalogue of possible
reactions occurring during sonochemical treatment of water is therefore
very broad [14-16]. In addition to oxidation by OH- radicals, many
reactions specific for dissolved chemicals can occur during ultrasonic
treatment of aqueous solutions.

In recent years ultrasonic treatment gained popularity as a potential
solution to the vital problem of purification of industrial wastewater
[14,17,18]. Among other pollutants, cavitation-induced degradation
has been demonstrated for cyanides [19-22]. The process was found to
be especially effective when ultrasonic treatment was combined with
UV irradiation and ozonation [21]. There is a great potential for its
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application in addition to traditional methods for cyanide removal [23]
in order to reduce cost and increase efficiency of cyanide-containing
wastewater treatment.

In the above mentioned works [20,21] potassium hexacyanoferrate
(II) was used as a model contaminant and the rate of its degradation
was interpreted as a measure of the efficiency of the ultrasonic treat-
ment. Reactions occurring during its sonochemical decomposition have
not been, however, studied so far. In principle, hexacyanoferrate(II)
ions can participate in several chemical reactions potentially induced
by ultrasonication. In particular, they can undergo chemical oxidation
of Fe(Il) by oxidising agents such as OH-, pyrolytic decomposition
yielding free iron and cyanide ions, or oxidation of cyanide ions ulti-
mately leading to their removal from the solution as gaseous products
[21]. Hexacyanoferrate(Il) ions are also known to undergo photo-
oxidation by direct detachment of an electron [24-27] and photo-
aquation which is substitution of one of the cyanide groups with a water
molecule after excitation with UV light of appropriate energy [28-31].
Extreme conditions in cavitation bubbles may also lead to electronic
excitation of the ions, making both above processes possible under ul-
trasonic treatment. In order to shed light on the mechanism of ultra-
sonically induced decomposition of hexacyanoferrate(Il) ions observed
in the previous works, we decided to take a closer look on reactions
occurring  during  sonochemical treatment of  potassium
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hexacyanoferrate(I) in aqueous solutions using optical absorption
spectroscopy.

2. Material and methods

For exposition to ultrasound, 10 mL of potassium hexacyanoferrate
(II) solution was placed in a cylindrical test tube made of fused silica.
Internal and external diameters of the tube were equal to 1.5 and
2.0 cm, respectively. The solution was sonicated in a custom-built ul-
trasonic system that consisted of a flat, circular piezoelectric transducer
(Pz26, 26 mm diameter, Meggitt, Kvistgaard, Denmark) located at the
bottom of a water-filled cylinder made of polycarbonate (Fig. S1 in the
Supporting Information; for convenience, the transducer arrangement
with the cylindrical vessel is called the ultrasonic head in the article).
The test tube with the solution was partially immersed in the cylinder,
coaxially with the transducer axis.

The water in the cylinder served as a medium that transported ul-
trasound to the test tube and it was also a cooling medium. The cooling
water was pumped continuously using a peristaltic pump through the
polycarbonate cylinder and a cooling coil. Both the reservoir for the
cooling water and the cooling coil were immersed in a laboratory bath
chiller which maintained the appropriate temperature of the cooling
liquid. This system allowed keeping a constant temperature of the so-
nicated solution even during a long-term ultrasonic exposure. The ex-
periments were carried out with solutions kept at approximately room
temperature (21 °C).

The transmission system for stimulating the piezoelectric transducer
consisted of a signal generator (Rigol DG2041A) and a custom-built
power amplifier (Institute of Fundamental Technological Research,
Polish Academy of Sciences, Poland). Pulses with a length of 1000 cy-
cles at 536 kHz and 135 V,,, amplitude were sent to the piezoelectric
transducer with a repetition period of 3.72 ms (duty factor df = 0.5).
The frequency of ultrasound used is almost optimal for the generation
of hydroxyl radicals in argon-saturated water [32]. With these para-
meters, the average acoustic power emitted by the transducer, as
measured by the radiation pressure balance (UPM-DT-1E, Ohmic In-
struments, Easton, MD, USA), was P = 10 W.

Calorimetric measurements typically used to measure acoustic
power delivered to the sonicated solution cannot be used in our setup
due to the arrangement in which the cooling water is the ultrasound
transmitting medium. Therefore power effectively transmitted to the
sample was estimated on the basis of pressure measurements carried
out using a 0.2 mm diameter needle hydrophone (Precision Acoustics,
Dorchester, UK) calibrated at 536 kHz. Fig. 1 shows profiles of
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Fig. 1. Temporal-averaged ultrasound intensity profile measured along the
diameter of the test tube and in free field (in the cylinder of the ultrasonic head)
as well as averaged and interpolated values of intensity used for calculation of
the power transmitted to the sample.
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temporal-averaged ultrasonic intensity measured in the test tube con-
taining 10 mL of water (66 mm above the transducer) and directly in
the cylinder of the ultrasonic head filled with cooling water (the test
tube was removed for the latter measurement).

The maximum value of the spatial-peak, time-averaged ultrasonic
intensity, measured in the sample tube centre was Isptpy = 5.8 W/cm?2,
The ultrasonic intensity during the pulse duration (spatial-peak pulse-
average intensity) was twice as high and equal to Isppa = Ispra/
de = 11.6 W/cm? [33]. Due to focusing properties of the test tube and a
number of additional acoustic effects resulting from the tube-ultra-
sound interaction the ultrasonic intensity in the test tube had a non-
uniform distribution with a sharp peak in the centre. The maximum
intensity measured in the centre of the test tube was actually higher
than the value measured in free field (in the cylinder of the ultrasonic
head) at the same transmitted ultrasound power. The average ultrasonic
power inside the tube, calculated by integrating the Ispra distribution
over the area of the test tube, was P, = 0.64 W. Thus, the spatial-
averaged, time averaged intensity inside the tube was Isata = 0.36 W/
cm?. It means that the peak intensity Isppy was more than 30 times
higher than the average intensity. This fact might be very important for
interpretation of the obtained results due to nonlinear nature of cavi-
tation-induced processes, as it will be discussed later. The temporal-
average energy density inside the tube was approx. pyp. = 0.064 W/
cm?®. Summarized parameters of the sonication apparatus are collected
in Table 1.

Studied solutions were prepared from potassium hexacyanoferrate
(II) (Sigma-Aldrich) and potassium hexacyanoferrate(III) (Chempur) of
analytical purity and water distilled in an all-glass distiller. For 15 min
prior to experiments as well as during sonication the solutions were
sparged with argon or air. Flow of the gas was kept between 10 and
30 mL/min.

Absorption spectra were measured with Perkin-Elmer Lambda 35
spectrophotometer in fused silica cuvettes with 10 mm optical path. If
absorbance of sonicated solutions was too high to be measured with the
spectrometer, they were diluted prior to absorption measurements.
Otherwise their absorption was recorded and they were returned to the
test tube for further sonication, if required.

3. Results

Fig. 2a shows UV/VIS absorption spectra of potassium hex-
acyanoferrate(Il) solution in distilled water at the concentration of
0.0001 M during sonication at 536 kHz in presence of argon constantly
flowing through the liquid. The initial spectrum is dominated by the
strong absorption band of hexacyanoferrate(Il) anions, centred at
218 nm [34]. During sonication this band diminishes, whereas char-
acteristic bands of hexacyanoferrate(IIl) anions with maxima at approx.
260 nm, 303 nm and 420 nm arise [35]. After 60 min of sonication the
420 nm band practically overlaps with the corresponding band seen in
the absorption spectrum of 0.0001 M potassium hexacyanoferrate(III)
solution. Similar evolution of absorption spectra in the range of
250-470 nm is seen when the sonicated solution is sparged with air,
however in this case the 420 nm band overlaps with the band of hex-
acyanoferrate(II) anion already after 20 min (Fig. 2b). Absorption of
sonicated solutions at wavelengths shorter than 350 nm exceeds that of

Table 1

Parameters of the experimental setup used for sonication of studied solutions.
Sample volume 10 cm®
Frequency 536 kHz
Burst length 1000 cycles
Burst period 3.72 ms
Average power transmitted to the sample P, ~0.64 W
Average intensity in the sample Isata ~0.36 W/cm?
Peak intensity in the sample Isppa ~11.6 W/cm?
Average energy density in the sample ~ 0.064 W/cm®
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Fig. 2. Absorption spectra of 0.0001 M aqueous solution of potassium hexacyanoferrate(Il) sparged with argon (a) and air (b) during sonication at 536 kHz. Solid
lines correspond to sonication times: 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80 min. The dashed lines represent absorption spectrum of 0.0001 M solution of

potassium hexacyanoferrate(III).

fresh hexacyanoferrate(IIl) solutions and a strong band centred at ap-
prox. 202 nm, absent in spectra of hexacyanoferrate(IIl) ions, appears.
In spite of slightly different ultrasonic wave intensities in different ex-
periments, the above described results can be very well reproduced in
consecutive measurements as shown in Figs. S2 and S3 in the
Supporting Information.

The 202 nm band grows significantly faster in air-saturated solu-
tions and appears also during sonication of pure water (Fig. 3). Its
position corresponds well to main UV absorption bands of NO,~ and
NO;~ anions [36] which were detected in sonicated water [37-40].
Experiments carried out under carefully controlled conditions indicated
that both oxygen and nitrogen must be dissolved in water for these ions
to be formed [39,40]. Nevertheless, it was observed that they also ap-
pear in sonicated solutions purged with argon [38]. In the latter case
oxygen and nitrogen are most probably introduced into the solution due
to diffusion of air through the surface of the liquid when the solution is
sonicated in a vessel open to ambient atmosphere. This also takes place
in our experiments. The maximum of the observed absorption band is
initially located at 205 nm for short sonication times and moves to-
wards 200 nm. This observation agrees with the mechanism described
in the literature, according to which NO,~ anions, which absorb at
longer wavelengths, predominate at early sonication times. They are
gradually replaced by NO3;~ which have their absorption spectrum
shifted towards shorter wavelengths with respect to NO, ™~ [38,40].
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Fig. 3. Difference of absorption spectra of distilled water sonicated at 536 kHz
for a given time and fresh distilled water used for preparing solutions. The
sonicated sample was sparged with argon or air.

Hydrogen peroxide, efficiently formed during sonication of pure
water, also absorbs in the spectral region below 300 nm but because of
its very small extinction coefficient (dropping from 140 M~ 'em ™' at
200 nm down to 1 M~ 'em~! at 300 nm) in comparison to nitrate
(approx. 10* M~'em™! at 200 nm) and nitrite anions (approx.
5.5 x 10° M~ 'em ™! at around 210 nm) [36] its contribution to ab-
sorption spectra of sonicated water in the range 200-300 nm is negli-
gible.

Sonication of the hexacyanoferrate(I) solution at 0.0001 M in the
above described conditions results in practically 100% oxidation of
hexacyanoferrate(I) to hexacyanoferrate(Ill) anions within 60 min
when the purging gas is argon. The time required for complete oxida-
tion of the ions is shortened down to 20-30 min when the solutions is
purged with air. Changes of the solution’s absorbance at 420 nm during
sonication are presented in Fig. 4. It can be safely assumed that sono-
chemical reactions of hexacyanoferrate(II) anions in the studied system
are dominated by oxidation of Fe(II) to Fe(III) mainly by OH- radicals
formed through sonolysis of water:

H, O- OH + H (09}
OH- + Fe(CN)g*~™ — Fe(CN)¢®>~ + OH™ (In
0.10 - 100
0.08 - 80
8 ] [ s
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Fig. 4. Absorbance at 420 nm of 0.0001 M aqueous solution of potassium
hexacyanoferrate(Il) sparged with argon and air during sonication in three
independent pairs of experiments (represented by circles, triangles and
squares). The dashed line at A = 0.103 represents absorbance of 0.0001 M
solution of potassium hexacyanoferrate(III).
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The key role of OH- radicals in the observed reaction has been
confirmed by sonication of 0.0001 M deoxygenated solution of hex-
acyanoferrate(II) in presence of a hydroxyl radicals scavenger, namely
2-propanol at 0.05 M (Fig. S4 in the Supporting Information). Because
in this case oxidation of hexacyanoferrate(Il) anions competes with
reaction of hydroxyl radicals with the alcohol, the hexacyanoferrate(II)
oxidation is hindered to the extent that reflects the excess of alcohol
and the ratio of second order reaction rate constants for reactions of OH
- radicals with hexacyanoferrate(II) and 2-propanol, equal to approx.
10 M~ 's™! and 2:10° M~ s, respectively[41].

What is important, no reactions leading to permanent decomposi-
tion of the complex are observed. The final concentration of hex-
acyanoferrate(III) anions is, within the accuracy of our experiments,
equal to the initial concentration of potassium hexacyanoferrate(II).

The kinetic data for argon-saturated solutions, collected in three
independent experiments, can be very well fitted with a single pseudo-
first order kinetics (Fig. 4). Thus, one can attempt to analyse the kinetic
data in a steady-state approximation, assuming that the concentration
of hydroxyl radicals is approximately constant during the time of the
experiment. The rate equation for oxidation of hexacyanoferrate(Il)
anions is

d[Fe(CN){]

dt = —ko [OH] [Fe(CN)g_]

(@)
where ko is the second order reaction rate, equal to approx.
kox = 1.0510*° M~ 1s™1 [41,42]. For a constant concentration of hy-
droxyl radicals, [OH-] = const., the solution of this equation gives the
pseudo-first order reaction kinetics for the concentration of hex-
acyanoferrate(II) anions:

[Fe(CN)§™] = CoeForlOHI = Coe™*" @

where Cy is the initial concentration of hexacyanoferrate(II) anions and
k’ = kox[OH-] has the meaning of the pseudo-first order rate constant
(for a given C,) of oxidation of these anions. No decomposition of the
complex is observed, thus the concentration of oxidised anions can be
expressed as:

[Fe(CN);™] = C, — [Fe(CN)FT] = Co(1 — &™) 3

Absorbance of the solution at 420 nm can be described by the for-
mula:

Auzo (£) = degno [Fe(CN)FT] = degg Co (1 — ™) ()]

where d = 1 cm is the thickness of the cuvette used for absorption
measurements and e459 is the molar extinction coefficient of hex-
acyanoferrate(III) anions at 420 nm, equal to £450 = 1030 M~ lem~ L
Function (4) was fitted to the experimental data shown in Fig. 4,
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yielding K = (9.6 + 0.3)10™* s~ for the merged data from three
experiments carried out at C; = 0.0001 M. The concentration of OH-
radicals under these conditions can be estimated as [OH-] =~ 910~
M.

In the pseudo-steady state approximation the concentration of OH-
radicals is given by the equilibrium between their formation in cavi-
tation bubbles and their scavenging in reactions with other species
present in the solution. Thus, the higher the concentration of hex-
acyanoferrate(Il) anions is, the lower OH- concentration and
k’ = kox[OH-] are. The kinetic equation for the concentration of OH-
radicals can be written as

d[OH]
dt

=f_ kox [OH] [Fe(CN)g_] - kx [OH] (5)
where f is the formation rate of OH-. k, describes all other reactions
leading to scavenging of OH- radicals in the pseudo-first order ap-
proximation for these reactions (we neglect formation of hydrogen
peroxide in OH: + OH- reaction due to low concentration of these
radicals in the solution of hexacyanoferrate(Il)). In the pseudo-steady
state, for a short period of time when concentrations of all involved
reactants can be considered to be constant,

f_ kox [OH] [Fe(CN)g_] - kx [OH] =0 (6)

Eq. (6) shows that the concentration of OH- radicals can be ap-
proximately constant during oxidation of hexacyanoferrate(Il) only if
[Fe(CN)$~] ~ const., i.e. for reaction times much shorter than the time
needed to oxidise all hexacyanoferrate(II) ions present in the solution.
For such short reaction times the exponential function e** can be
approximated by 1 — k't. The pseudo-first order kinetics (3) becomes
then:

[Fe(CN)T] = Cok't @)

Eq. (7) allows determination of k” for a given initial concentration of
hexacyanoferrate(Il) anions C, if only the initial part of the experi-
mental kinetics is fitted. Experimental values of [Fe(CN)3~] were de-
termined by measurements of the absorbance of the solution at 420 nm
(solutions with initial hexacyanoferrate(II) concentration of 0.001 M
and 0.1 M were diluted to 0.0001 M prior to absorption measurements
and the resulting concentration was scaled appropriately). Initial values
of k’ were determined by fitting function (7) to the approximately linear
part of the dependence of concentration of hexacyanoferrate(IIl) anions
on the sonication time for argon-saturated solutions (Fig. 5a). Next,
oxidation efficiencies, expressed in terms of moles of oxidised ions per
unit energy were calculated using fitted values of k”:

_ Cok'V
7=7p, ®)

10°

Z

10

(s™)

x 10° ( J

°
10°

10° 10° 102 107
C, (M)

Fig. 5. a) Temporal dependence of hexacyanoferrate(III) anions concentration for different initial concentrations of potassium hexacyanoferrate(II). b) Dependence
of initial values of k’ on the initial concentration C, of potassium hexacyanoferrate(II).
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Table 2

Initial reaction rates of hexacyanoferrate(I) oxidation (Cok’), calculated initial
values of k’ used for determination of the hydroxyl radical formation rate and
oxidation efficiencies 7.

Co (M) Cok’ (Ms™") K™ n (mol-J~ 1)
0.0001 (5.8 = 0.1)10°8 (5.8 = 0.1)107* 9.1.1071°
0.0003 (6.40 + 0.04)1078 (2.13 + 0.02)10"* 1.0107°
0.001 (9.8 = 0.4)107% (9.8 = 0.4)107° 1.510°°
0.01 (1.35 = 0.05)1077 (1.35 = 0.05)10°° 2.1107°
0.1 (1.95 + 0.10)1077 (1.95 + 0.10)10°° 3.0107°

Values of Cok’, k’ and 7 for various concentrations are collected in
Table 2.

Substitution of ko [OH-] = k’ and [Fe(CN){~] = C, into Eq. (6)
results in the formula (9) that describes the dependence of the initial
oxidation rate on the initial concentration of hexacyanoferrate(II) an-
ions Cop:

_f

ks

Cot e ©

k,(co) =

Fitting of function (9) to the initial values of k” measured for various
Co (Fig. 5 b) allows determination of the formation rate f of hydroxyl
radicals. The following values of parameters were found:

=87+ 1.5)-108M-s7!
ks = (5.5 + 3.0)-10%s7!

The above calculations were based on the pseudo-steady state ap-
proximation and a very simple model described by Egs. (1) and (5). We
decided to verify, how well this model describes the experimental data
beyond the steady-state approximation. For this reason we numerically
solved the set of differential Egs. (1) and (5) with the above values of
parameters f and kg using Wolfram Mathematica software. Comparison
of numerical solutions with experimental kinetics is shown in Fig. S5a
in the Supporting Information. It can be seen that whereas the nu-
merical solutions quite well describe the data for lower concentrations,
the calculated kinetics are slower than experimental ones for the two
highest concentrations (which can be also seen in Fig. 5b). This prob-
ably means that for high hexacyanoferrate(II) concentrations the con-
centration of hydroxyl radicals is low enough for another oxidation
mechanism to become significant. It may be a reaction with hydrogen
peroxide or other oxidative species formed in cavitation bubbles.
Agreement of calculated kinetics with experimental data can be im-
proved if a term of the form —kx[Fe(CN)64_] which describes this ad-
ditional oxidation channel is added to the right-hand side of Eq. (1).
Comparison of oxidation kinetics calculated for k, = 1.510° s~ with
experimental data is shown in Fig. S5b.

The kinetics obtained for the 0.0001 M solution sparged with air
clearly deviate from the pseudo-first order kinetics (Fig. 4, blue data
points). However, during the first 5 min of sonication the reaction rates
are identical with both purging gases. Pairs of data points obtained for
argon- and air-saturated solutions in each of the 3 repetitions of the
experiment overlap each other after 5 min, in spite of certain differ-
ences between different repetitions. This fact is in excellent agreement
with calculations of Merouani et al., who predicted nearly identical
rates of OH- radicals formation for sonication of air- and argon-satu-
rated water at frequencies around 500 kHz [32]. At later times the
concentration of oxidised anions in air-saturated solution becomes
higher than described by the pseudo-first order kinetics. This means
that the apparent reaction rate increases with sonication time. We at-
tribute this increase of the oxidation rate of hexacyanoferrate(II) to
production of H,0, in combination with nitrate and nitrite anions
during sonication of air-saturated water. Formation of nitrate and ni-
trite anions leads to the decrease of pH. Then, reactions of hex-
acyanoferrate(II) anions with hydrogen peroxide and nitrate anions in
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Fig. 6. Absorption spectra of 0.1 M solutions of potassium hexacyanoferrate(II)
in air- and argon-saturated water sonicated for 120 min. The “difference” curve
in the inset shows the difference between the spectrum of the argon-saturated
solution and spectrum of potassium hexacyanoferrate(Ill) solution with con-
centration corresponding to the concentration of hexacyanoferrate(IlI) anions
in the sonicated solution.

acidic solution become additional oxidation channels when con-
centration of these sonochemical products increases.

In order to look for other potential low-yield products of sono-
chemical reactions in the studied system we looked carefully at the
absorption spectra of solutions sonicated for 120 min at the hex-
acyanoferrate(II) concentration of 0.1 M (Fig. 6). In particular, if cya-
nide anions were decomposed, the stoichiometry of the hex-
acyanoferrate complex would be disturbed and free iron cations
released. Presence of free Fe(Il) or Fe(Ill) would lead to appearance of
the Prussian Blue complex which absorbs light in the red part of the
absorption spectrum. Nevertheless, we cannot see any absorption band
that could be attributed to Prussian Blue which has the absorption
maximum at approx. 750 nm [43]. The lack of Prussian Blue in the
sonicated solution means that no free iron cations are released from
hexacyanoferrate complexes. This observation is another confirmation
that under experimental conditions of the current study no optically
detectable fraction of cyanide anions is decomposed and released from
the solution as a direct result of ultrasonic treatment. Sensitivity of the
Prussian Blue method was confirmed by appearance of blue colour in
sonicated solutions stored for a couple of days. In this case hex-
acyanoferrate complexes are slowly decomposed due to the presence of
nitric acid in the solution.

Additionally, we tried to directly detect potential products of cya-
nide oxidation, CO, and acetic acid, that should be produced in de-
tectable quantities if a significant fraction of cyanide was oxidised. For
this reason a 0.1 M solution of potassium hexacyanoferrate(II) soni-
cated for 60 min was analysed with methods of qualitative analysis
(details and estimation of their sensitivity are given in the Supporting
Information). The outflow of gas from the sonicated solution sparged
with argon passed through a saturated solution of calcium hydroxide.
Absorbance of the latter was examined at ten-minute intervals. No
changes in transparency of the solution were observed, which indicates
no detectable amount of carbon dioxide in the gaseous reaction pro-
ducts (the result of the test would be positive if more than 0.43% of
carbon content was transferred to the test solution in the form of CO,).
A qualitative analysis of the sonicated solution for the acetate content
was carried out by looking for the possible formation of a blue iodine
complex on the surface of lanthanum hydroxyacetate. No acetates were
detected within the sensitivity limit of the method, which was de-
termined to be 0.00875 M.

In the absorption spectrum of the argon-saturated solution we can
see a small increase of the absorption in the range 450-600 nm (Fig. 6).
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Absorption of the sonicated solution in this spectral range exceeds the
absorption of pure potassium hexacyanoferrate(Ill) solution scaled to a
concentration corresponding to concentration of hexacyanoferrate(III)
anions in the sonicated sample (inset in Fig. 6). Difference of the ab-
sorption spectrum of the sonicated solution and potassium hex-
acyanoferrate(IlI) solution reveals an absorption band centred at
450 nm. Position of this band corresponds to the absorption spectrum of
the aquated Fe(CN)sH,03~ complex [29]. Extinction coefficient of the
aquated complex at the absorption maximum is equal to 650 M~ * cm ™!
[31], which allows for estimation of its concentration to 1.510~ % M,
approximately 10 times lower than concentration of Fe(CN)¢>~ in the
solution sonicated for 120 min. This complex is produced during illu-
mination of hexacyanoferrate(II) solutions with ultraviolet light corre-
sponding to the weak “shoulder” absorption band extending between
320 and 400 nm [26,28,29,31]. In principle one could think of its
formation due to absorption of sonoluminescence light. However,
generation of the aquated complex at the observed concentration in
10 mL solution would require absorption of approx. 108 photons at the
photoaquation yield of 0.9 [29]. This corresponds to the total energy of
absorbed photons close to 0.5 J, which would require the power of the
sonoluminescence light emitted in the UV range of the order of
107°-10~* W which is unreasonably high for multibubble sonolumi-
nescence.

The most probable mechanism of the aquated complex formation
involves a reaction between Fe(CN)¢>~ and hydrogen atoms formed
through sonolysis of water [44]:

H0
H + Fe(CN);~ N Fe(CN)sH,03~+HCN (I

Another reaction may involve hydrated electrons [44]:

€3, + Fe(CN)I™ ' Fe(CN);sH,0% + CN- av

Even though formation of hydrated electrons during sonication of
neutral water was questioned [45], it was shown that they are gener-
ated during sonication of argon-saturated solutions at multi 100-kHz
frequency [46]. The fact that the Fe(CN)sH,0°%~ complex is formed
from hexacyanoferrate(Ill) and not directly from hexacyanoferrate(II)
anions explains why the aquated complex is not observed during so-
nication of 0.0001 M hexacyanoferrate(II) solutions. In this case the
final concentration of Fe(CN)¢>~ is more than an order of magnitude
lower than its concentration after 120 min sonication of 0.1 M solution
of potassium hexacyanoferrate(Il). Consequently, the aquated complex
is formed at such a low concentration that it is optically undetectable.
On the other hand, the lack of the band attributed to the aquated
complex in absorption spectra of the air-saturated solution may be
explained by lower temperatures reached in cavitation bubbles and
much lower generation yield of atomic hydrogen in sonicated air-sa-
turated water compared to argon-saturated water [32].

4. Discussion

A striking observation emerging from the current study is the lack of
any evidence of sonochemical decomposition of cyanide anions. This is
in clear contrast to results described in the literature. During experi-
ments presented in Refs. [20] and [21] degradation of up to 20% of
cyanide was seen in 80-90 min, even for initially neutral solutions. This
difference can be probably attributed to significantly different experi-
mental conditions. At high ultrasound frequency used in our work the
primary sonochemical process is generation of OH- radicals which act
as very strong oxidative agents on dissolved chemicals, including free
cyanide. However, in case of hexacyanoferrate(II) solutions all cyanide
is bound in the very stable complex with Fe(II). Fe(II) in this complex is
very easily oxidised, therefore the reaction of a hydroxyl radical with
the complex leads to the detachment of an electron from iron and
scavenging of the radical. On the other hand, oxidation of free cyanide
groups by hydroxyl radicals first leads to formation of cyanate anions
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CNO™ [47]. In the case of a cyanide anion complexed with iron this
would require detachment of the anion from the complex, energetically
very unfavourable process. The latter fact also explains why cyanide in
already oxidised hexacyanoferrate(IIl) complexes does not udergo easy
oxidation by OH-, either.

At low frequency of ultrasound (22 and 25 kHz) used in the above-
referenced works both temperature reached inside cavitation bubbles in
water [48] and the cavitation threshold [49] are lower than at hundreds
kHz. At the same time, high energy densities are used in low-frequency
sonochemical reactors: in case of Ref. [20], the energy density, up to
0.75 W/cm?®, was more than 10 times higher than that used in our work.
These factors together result in higher density of “hot spots” which are
colder than those formed at high frequencies and low powers. The
hydroxyl radicals formation rate decreases as a result of lowered tem-
perature, but larger number of bubbles favours pyrolytic decomposition
of the hexacyanoferrate complex, which does not require as high tem-
peratures for decomposition as water: in vacuum hexacyanoferrates
decompose at temperatures exceeding approx. 700 K whereas thou-
sands K are needed for efficient decomposition of water. Therefore in
high-power low-frequency sonoreactors, a significant fraction of cya-
nide is probably pyrolytically released from hexacyanoferrate com-
plexes and can react with hydroxyl radicals before forming the complex
with iron again.

The above explanation is fully consistent with experiments in which
potassium cyanide and potassium hexacyanoferrate(Il) were treated
with the Fenton’s reagent (1% H,0, and 10 mM FeSO,4) which chemi-
cally generates hydroxyl radicals [50]. Cyanide was efficiently oxidised
in spite of presence of iron in the reaction mixture, in contrast to
hexacyanoferrate(Il) complex which was oxidised with much lower
yields. This result proves that free cyanide can be oxidised by hydroxyl
radicals before it forms the complex with iron. However, after the
hexacyanoferrate complex is formed, cyanide becomes resistant to
oxidation by OH- radicals.

The methodology presented in this work allowed for fairly accurate
determination of the formation rate of hydroxyl radicals f. Their
scavenging rate k; is determined with relatively low accuracy, but
within the experimental error limits it is equal to the predicted value
(2.2:10° s7! for a neutral solution [51]). Direct comparison of f with
other experiments is difficult due to very large differences between
conditions of sonochemical experiments carried out in various labora-
tories. One of works carried out under comparable conditions is re-
ported in Ref. [52]: hydroxyl radicals generation rate was measured for
sonication at 513 kHz with ultrasound intensity of 1.5 W/cm? and
energy density 0.065 W/cm®. Formation rate of OH- radicals was de-
termined to be 6:10~° M/s, which is an order of magnitude less than in
our experiments. For comparison of rates obtained under different
conditions the Authors of Ref. [52] propose normalization according to
the formula:

Ire pre
f;zorm =fobs (Tf)(?f) (10)

where f,,s is the rate measured at the wave intensity I and energy
density p. fnorm is the rate scaled to reference intensity I.c and reference
energy density p,... If we normalize the value from Ref. [52] using the
average ultrasound intensity in our apparatus we obtain an even lower
value of f,,,,. However, if we take the peak intensity value in our setup
Isppa = 11.6 W/cm? as I.;, we obtain the normalized hydroxyl gen-
eration rate f,om = 4.3:10~ 8 M/s, closer to the value determined in our
experiments. Thus, it seems that it is rather the peak ultrasound in-
tensity and not its average value that determines the sonochemical ef-
ficiency.

Oxidation efficiencies, expressed in moles of the oxidised product
per energy unit delivered to the sample, can be compared with values
given in Refs. [53] and [54]. In these works sonochemical oxidation of
potassium iodide was studied at various ultrasound frequencies. The
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comparison is justified because reaction rates for oxidation of po-
tassium iodide and potassium hexacyanoferrate(Il) by hydroxyl radicals
are nearly the same [41]. In Ref. [19] oxidation rate at 62 kHz, 6 W for
initial concentration of KI equal to 0.1 M was reported to be 1.7:10~1°
mol/J. This number is almost 20 times lower than the oxidation effi-
ciency of hexacyanoferrate(Il) at the same initial concentration de-
termined in our apparatus (approx. 3:10~° mol/J). Such a vast differ-
ence can be partially explained by significantly lower OH- formation
rates at 62 kHz compared to 536 kHz, however the high peak intensity
in our setup undoubtedly also plays a role here.

In Ref. [54] oxidation efficiencies of potassium iodide were studied
for a concentration of 3.5% wt. (approx. 0.2 M) in sonochemical re-
actors working at 640 kHz with 258 W (0.75 L sample volume) and
396 W (0.6 L) transducers. Efficiency values between 0.6810~° mol/J
and 1.3:10~° mol/J were reported. These values are closer to oxidation
rates in our setup, however still significantly lower. Considering the
presented results, the hydroxyl radical generation rate and conse-
quently oxidation efficiencies in our apparatus are relatively high. We
attribute this fact to the focusing effect of the test tube, which results in
very high ultrasound intensity in the centre of the sample. Our ex-
periments suggest that using focused ultrasound beams in sonochemical
reactors should significantly improve their efficiency without the need
to increase the average power and total energy delivered to the sample.

5. Conclusions

We studied sonochemical reactions resulting from exposition of
potassium hexacyanoferrate(Il) solutions to ultrasonic waves at the
frequency of 536 kHz in a custom-built apparatus. At the sonication
frequency used in our study the primary reaction is predominated by
oxidation of Fe(II) to Fe(IIl) in both argon- and air-saturated solutions.
Analysis of oxidation kinetic rates allowed determination of hydroxyl
radicals formation rate, which turned out to be significantly higher than
values reported for other experiments carried out at comparable con-
ditions. We attribute this fact to the focusing effect of the test tube used
in our setup.

We cannot see any evidence for degradation of cyanide or other
reactions of the hexacyanoferrate(II) complex under the conditions
used in this study. Only, at the highest studied concentration of the
potassium hexacyanoferrate(Il) we presumably detected formation of
the pentacyanoaquaferrate(Il) complex in a reaction between hex-
acyanoferrate(III) anions and sonochemically formed hydrogen atoms
or hydrated electrons.

Finally, we suggest that oxidation of the hexacyanoferrate(II)
complex can be a convenient benchmark for efficiency of sonochemical
reactors. This complex has a high reaction rate of oxidation by hydroxyl
radicals and in contrast to potassium iodide commonly used for this
purpose, the oxidation product of hexacyanoferrate(II) absorbs light in
the blue part of the visible spectrum. It allows absorption measurements
with blue LED or 405 nm laser diodes and a basic photodiode detector.
Such a simple device could be used for absorption measurements in situ,
in sonochemical reactors.
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