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Effect of different gases

The sonochemical (850 kHz) Cr(VI) reduction (0.30 mM, pH 2) in the presence of citric acid (Cit, 2 mM)
was analyzed under different working atmospheres: reactor open to air without sparging (ROAWS), and
Ar, Oy, air and N sparging. Hydrogen peroxide formation in pure water at pH 2 and KI dosimetry were
also measured. Zero-order kinetics was observed in all cases. A complete Cr(VI) reduction after 180 min
insonation was obtained with the ROAWS and under Ar, while a lower Cr(VI) reduction efficiency was
achieved under the other conditions. The Cr(VI) reduction and H;0, formation rates followed the order
ROAWS = Ar > air = O, > Ny, while for KI dosimetry the order was ROAWS > 0O, = air > Ar > Nj.
This indicates that H,0, formation rate is a better measure of the system reactivity for Cr(VI) reduction.
For air, O, and Ny, once the sparging was stopped, Cr(VI) reduction rate increased up to approximately
the same value obtained for the ROAWS, suggesting that the sparging decreased the generation of
reactive species and, thus, the Cr(VI) reduction rate. Nitrate production was measured at low concen-
trations (micromolar range) in the ROAWS, air and N, systems. Formic and acetic acids were detected as
Cit degradation products. Reaction mechanisms were proposed. It can be concluded that the best con-
dition for Cr(VI) removal is with the ROAWS because of a higher Cr(VI) reduction rate, no atmosphere
control is required, and it is a less expensive system.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Hexavalent chromium (Cr(VI)) is a pollutant present in waste-
waters of industrial processes such as leather tanning, industrial
painting and electroplating, being considered a priority pollutant
due to its acute toxicity, its carcinogenic and mutagenic effects and
its high mobility in water. Cr(VI) concentration in drinking water
has been regulated in 50 pg L~! by the World Health Organization
(2011). Cr(VI) treatment usually involves a reduction step to Cr(III),
which is far less mobile and toxic, it is an essential trace metal in
human nutrition, and can be easily removed from the solution as a
solid after neutralization. (Litter, 2017 and references therein).

In a previous paper, we have analyzed the Cr(VI) reduction
(0.3 mM, pH 2, reactor open to the air without sparging (ROAWS))
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using ultrasound (850 kHz) in the presence of organic additives
such as alcohols and carboxylic acids (Meichtry et al., 2018). Com-
plete Cr(VI) reduction after 180 min was obtained only in the
presence of citric acid (Cit) and ethylenediaminetetraacetic acid
(EDTA), and Cr(Il) complexes with these compounds were detected
as final products. A complete mechanism for the Cr(VI) sono-
chemical reduction has been proposed in that paper, together with
a preliminary comparison of the reaction with addition of Cit under
air and Ar sparging.

The chemical effect of different gases on ultrasonic trans-
formations has been shown to be a function of different variables
such as the nature of the gas bubbles, sparging conditions, pH, ul-
trasound frequency, ionization potential and water solubility of the
gas, and the gas diffusion coefficient (Choi, 2015: Pflieger et al,,
2019a and references therein).

On the other hand, hydrogen peroxide formation in sono-
chemical systems under different working atmospheres has been
thoroughly studied (Beckett and Hua, 2001; Pflieger et al., 2015a;
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Dalodieére et al., 2016 and references therein). Together with the
commonly used Fricke, terephthalate and KI dosimetries, the gen-
eration rate of H,O, has also been used as a measure of the gen-
eration rate of active species in sonochemical experiments
(Nikitenko et al., 2007).

In the present paper, complementary studies of Cr(VI) sono-
chemical decay in the presence of Cit under different working at-
mospheres, i.e., ROAWS (no sparging), and under air, Oy, Ar, and Ny
sparging, were performed. Cit was used due to the higher Cr(VI)
sonochemical reduction rates obtained before (Meichtry et al,
2018), and because it is a compound usually found in natural and
wastewaters (Meichtry et al., 2011). H,0, production in pure water
and KI dosimetry were also evaluated, trying to relate these results
with the Cr(VI) sonochemical reduction rate. The main object of the
research was to determine the best atmospheric working condi-
tions for the Cr(VI) sonochemical reduction.

2. Experimental
2.1. Chemicals and materials

Potassium dichromate was Merck (99.9%), Cit (99%) was Riedel
de Haen, and diphenylcarbazide (DPC) was UCB for analysis, dis-
solved in acetone (Merck, 99.5%). Perchloric acid (70%, Biopack) was
used for pH adjustments. All other reagents were of analytical grade
and used as received. All solutions and suspensions were prepared
with Milli-Q grade water (resistivity = 18 MQ cm), Osmoion Apema.

2.2. Sonochemical reactor

The sonochemical reactor (60 mm outer diameter, 50 mm
height Pyrex tube, 350 mL total volume), ultrasonic transducer
(type E/805/T(02), Meinhardt-Ultraschalltechnik, emitting at
850 kHz) and ultrasonic power generator (type K 8-1, Meinhardt-
Ultraschalltechnik) were the same used in our previous study
(Meichtry et al., 2018). For gas sparging (0.5 L min~'), a diffuser was
set in the bottom of the reactor (at 10 mm from the transducer)
with a silicone tube (4 mm diameter) entering form the top. An
external jacket allowed water recirculation. The temperature of the
cooling water in the jacket was 25 °C, and the temperature of the
solution was 30 °C, reached 5 min after switching on the power and
kept constant throughout the experiment.

The total power input by the transducer into the liquid was
51 + 2 W L™, determined by calorimetry using 325 mL of pure
water at 25 °C over a period of 3 min with the ROAWS, the water
jacket empty and foam insulation in both the reactor and the
transducer (Koda et al., 2003; Pflieger et al., 2019b). Potassium io-
dide oxidation dosimetry with 0.10 M KI at pH 2 was used to
evaluate the HO® generation yield in the reactor at 30 °C under the
different experimental conditions (Merouani et al., 2010).

2.3. Ultrasonic experiments

The experiments to evaluate Cr(VI) reduction were performed
with 325 mL of a 0.30 mM Cr(VI) and 2 mM Cit solution at pH 2 and
30 °C. Changes of pH at the end of all runs were negligible
(ApH < 0.1). Experiments to assess HpO, production were per-
formed also with 325 mL of water at pH 2 at 30 °C. All experiments
were performed at least by duplicate, and the standard deviation
among replicates was never higher than 5%. The reported values
correspond to the mean of those replicates. The fitting of the
experimental points was performed with Origin 8.0 software.

2.4. Analytical determinations

Samples (2 mL) were periodically taken from the reservoir and
brought to 10 mL with water to measure Cr(VI), ions and total
organic carbon (TOC). Cr(VI) was determined by the DPC method at
540 nm (ASTM, 1999). Ionic chromatography (IC) was used for
anions (nitrate, formate and acetate) and ammonium valuation was
performed as reported previously (Meichtry et al., 2018). TOC was
measured with a Shimadzu 5000-A TOC analyzer in the TOC (total
organic carbon) mode. H,0, was determined at 350 nm according
to Allen et al. (1952), taking also 2 mL samples from the H,0, ex-
periments. For dissolved oxygen (DO) measurements, a Hach Sen-
slon 156 dissolved oxygen meter was used (detection limit, DL,
0.05mg O, L"),

UV—Vis absorption measurements were performed employing a
PG Instruments UV—Vis spectrophotometer, model T80+. UV—Vis
absorption spectra were taken in a Hewlett-Packard diode array
UV—Vis spectrophotometer, model HP 8453 A.

3. Results and discussion

3.1. Sonochemical reduction of Cr(VI) in the presence of Cit under
different working atmospheres

In Fig. 1, results of the sonochemical decay of Cr(VI) (0.30 mM) in
the presence of Cit (2 mM) at pH 2 under different atmospheres
(ROAWS, air, Oy, N3 or Ar sparging) are shown.

Under Ar sparging, Cr(VI) decay was almost equal to that with
the ROAWS, and was lower under air, O or N». When the sparging
was arrested (at 180 min in all cases), the reaction rate increased,
suggesting that the sparging caused an inhibition effect. In all cases,
the evolution of the Cr(VI) concentration could be fitted to a zero-
order rate law; the kinetic parameters are shown in Table 1. DO
concentrations are also shown in Table 1, and they were almost
constant up to 180 min, with the exception of the ROAWS, where a
decrease from the initial value from 8.20 mg L™! to 0.57 mg L™! at
180 min was observed (see Fig. S1 in the Supporting Information
Section (SI) Appendix A, line 56, page 4); DO evolution for the
ROAWS was almost identical for Cr(VI) sonochemical reduction
with Cit, for H,O, generation and for KI dosimetry. When the
sparging was stopped (at 180 min), DO varied after some time
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Fig. 1. Sonochemical reduction of Cr(VI) in the presence of Cit under different atmo-
spheres. Conditions: [Cr(VI)]o = 0.30 mM, [Cit]o = 2.0 mM, pH 2, Qsparging = 0.5 Lmin ",
T = 30 °C. Dotted lines are the zero-order fittings of the experimental points (before
and after 180 min).
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Table 1

Kinetic parameters for the Cr(VI) decay in the presence of Cit under different atmospheres, extracted from Fig. 1. The concentration of O, measured at 180 min is also shown.

Sparging kerevry (WM min~") R? K'crevry (WM min~") R? 0, concentration at 180 min (mg L™1)
up to 180 min from 180 min

ROAWS 1.64 + 0.04 0.993 - 0.993 0.56

Ar 1.54 + 0.03 0.994 - 0.994 <0.05 (below DL)

air 0.89 + 0.01 0.996 132 + 0.04 0.990 8.2

0, 0.81 + 0.02 0.990 1.50 + 0.05 0.990 >30

Ny 0.23 +0.02 0.885 1.43 + 0.04 0.995 <0.05 (below DL)

under the different conditions. Under O, the concentration
reached 10 mg L~! after 5 min and 3 mg L~! at 270 min. For air, a
gradual decrease from 8.20 mg L' to 3 mg L~! at 270 min was
observed, similarly to that occurred in the ROAWS. Under Ny, the
concentration reached 2 mg L™, 5 min after stopping the sparging.

According to these results, the initial order of reactivity for
Cr(VI) reduction, represented by kcrvr), is ROAWS = Ar > air = O,
>> Ny, up to the end of the sparging (180 min). Once the sparging
was arrested, in the cases of air, O and Ny, Cr(VI) reduction rate
(K'ceqvny) increased, being similar to that in the ROAWS (in the order
of the experimental error). The effect of gas sparging on the
sonochemical reactions is discussed in Section 3.6.

3.2. Sonochemical H,0, formation in water under different working
atmospheres

In Fig. 2, evolution of HyO; at pH 2 under different working
conditions is shown. The inset displays the same results but up to
15 min insonation. The evolution of H;0, concentration could be
adjusted to a zero-order rate law in all cases.

In Table 2, the kinetic parameters of all curves for H,O, pro-
duction extracted from Fig. 2 are shown. The parameters are
calculated for the whole reaction time (k’, 0 < t < 180 min) and for
the first 15 min (k”, 0 < t < 15 min). Table 2 shows that k', varies
in the order Ar = ROAWS > 0, = air > N, the same order fol-
lowed by Cr(VI) removal (Table 1). HO®* generation from KI dosim-
etry is also indicated in Table 2, with the order
ROAWS > air = O, > Ar > Ny. This indicates that there is a better
correlation of the Hy0; generation with the Cr(VI) reduction rate
than that obtained from the KI dosimetry. The same order for H,O,
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Fig. 2. Sonochemical evolution of H,0,. Conditions: pH 2, Qsparging = 0.5 L min !, T=
30 °C. Dotted lines are the zero-order fittings of the experimental points. Inset: results
up to 15 min sonication.

generation rate (Ar > O, = air > Nj), with very similar values, was
found by other authors (e.g., Wakeford et al., 1999). On the other
hand, the order for k”y20> is slightly different from that of k'gz02,
being higher for ROAWS and air. The decrease on H,0; formation
rate after a given sonication time can be attributed to: 1) the less
effective recombination of HO® at low pH (Merouani et al., 2010), 2)
the decrease in O, concentration (for the ROAWS, see Table 1),
which decreases the rate of H,0, formation (Pflieger et al., 2015a),
and 3) by H,0, consumption at longer times by the sonochemically
formed HNO, ending in HNOs3 (only relevant when N is present,
see later in the SI, lines 25—26, page 2, Scheme S1 Eq. S(7)). It is
important to say that the calculation of the HO® generation yields
measured by H,0, generation was performed using k”y202 values,
just to avoid errors due to the decrease on H,O, generation rate.

3.3. Mechanisms involved in the sonochemical reduction of Cr(VI)
in water

A simplified set of reactions taking place in sonochemical
aqueous systems under Ar is shown in Scheme 1. Egs. (1)—(5) show
the main reactions (Adewuyi, 2001 and references therein). The
primary reaction is the formation of H* and HO® (Eq. (1)); H20;
formation takes place through Eq. (3). In the presence of Cit (a polar,
non-volatile additive that remains in the aqueous phase), second-
ary radicals (Cit*) can be formed in the bulk solution by reaction
with HO* (or H*, not indicated) (Eq. (4), k = 5.0 x 10’ and
4.0 x 10° M~! 571, respectively for HO® and H® (Buxton et al., 1988;
Okitsu, 2010; Enomoto and Okitsu, 2015; Meichtry et al., 2018).

Reactions involving hydrogen atoms and hydrogen are minor,
and are not included in Scheme 1; this is especially important in the
presence of O;. Regarding hydrated electrons, in our previous paper
(Meichtry et al., 2018), it was mentioned that the formation of the
highly reducing hydrated electrons has been discarded in sono-
chemical systems at acid pH (Sehgal et al., 1980; Gutiérrez et al.,
1987).

It should be taken into account that, according to Merouani et al.
(2015a), up to 25 reactions can take place inside the O, and H; gas
bubbles and 73 reactions are possible inside air and N, bubbles.

In the presence of O, and under high frequency ultrasound,
Scheme 2 shows the simplified reactions taking place.

Atomic oxygen (0°®) is sonochemically produced (Eq. (6),
Sivasankar and Moholkar, 2009; Pflieger et al., 2015a; Pflieger et al.,
2019b). Additionally, all processes involving H* will be negligible
because of the rapid conversion into hydroperoxyl radicals (HO3,
Eq. (7), ko = 2 x 10° M~ s, Al-Sheikhly et al., 1988), making
negligible H, production. Formation of HO® and H,0, is increased
through Eqs. (8)—(10). According to Hart and Henglein (1985),
atomic oxygen atoms (O°®) could contribute to H,0; formation only
if they were formed in the excited singlet state (O('D)), but no
recent references have been found to discriminate if singlet, triplet,
or both O° species are formed in sonochemical systems. A

1 All standard reduction potentials vs. SHE.
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Table 2
Kinetic parameters extracted from Fig. 2 and HO® generation yield.

Sparging  K'uoz (tM min~')  R? K”t202" (WM min~1)

Gho. x 10° (mol J~1) from k 202"

Gho. x 10° (mol J ') from KI dosimetry  kn83 (WM min~')  R?®

ROAWS 0.83 + 0.2 0.999 1.18 +0.2 0.76 2.75 0.69 0.998
Ar 0.96 + 0.1 0.998 0.96 +0.2 0.62 1.06
air 0.51 + 0.1 0994 0.74 +03 0.47 131 0.183 0.981
0, 0.60 + 0.02 1.000 0.61 +0.02 0.39 132
N, 0.11 + 0.03 0.992 0.12 +0.05 0.075 0.21 0.017 0.954
3 R? =1 for all cases.
b calculated for the first 60 min.

H,0 +))))) - H* + HO® @)

H +H - H 2)

2 HO® - H,0, 3)

Cit + HO® — Cit® + H,0O 4)

H*+HO* > H,+0O° (5)

Scheme 1. Simplified sonochemical reactions in water under Ar in the presence of Cit.

0, +)) ->20°

0, +H' - HO,'

O° +H,0 - 2 HO®
2 HO," — H,0, + O,
0" + H,0 - H,0,

Cit* + O, - CitOO*

(6)
(N
®)
€
(10)
)

Scheme 2. Simplified sonochemical reactions in water in the presence of O,.

scavenging of reducing radicals Cit® can take place when O, is
present, yielding peroxy species (Eq. (10), Sostaric et al., 1995).
Other ROS and ozone can be formed in sonolytic systems (Adewuyi,
2001), but probably their contribution would be minor, and they
are not indicated in Scheme 1. Singlet oxygen ('0,) sonochemical
generation is controversial, depending on the ultrasound frequency
(Matsumura et al., 2013); it is suggested to be negligible in the
absence of sensitizers (He et al., 2016).

Equations related to the presence of N in sonolytic systems
have been moved to the Supporting Information Section, as Section
S1, Scheme S1, because they do not have relevant importance on the
Cr(VI) reduction. When N is present, it can participate in ultrasonic
reactions either by splitting into atomic nitrogen (N°®) (at high fre-
quency ultrasound, Eq. (S1)) or by reaction with O* (Eq. (S2)).
Scheme S1 shows simplified sonochemical reactions in water in the
presence of Ny. Under mild oxidizing conditions, N intermediates
are oxidized by O, and HO®, ending in HNOs3 and other less oxidized
nitrogenated species after several steps (Adewuyi, 2001, Merouani
et al., 2015a; Ouerhani et al., 2015; Pflieger et al., 2019b). The highly
reactive oxygen required for nitrite formation from molecular ni-
trogen would come from the dissociation of O, inside the cavitation
bubble (Eq. (7), Scheme 2), (Wakeford et al., 1999; Pflieger et al.,

2019b). NO is oxidized by HO® (Eq. (S4), Scheme S1), or by O,
molecules (Eq. (S5)). H2O2 can be consumed by HNO, ending in
HNOs (Eq. (S7), Venault et al., 1997). Scheme S1 shows the main
equations, valid also under air (N3 + O3).

Reactions of KI dosimetry have been moved also to the sup-
porting information section, Section S2, Scheme S2, from which Eq.
(S8) represents the global reaction:

HO® + 21" — I, + 2 OH~ (S8)

In our previous work (Meichtry et al., 2018), it has been deter-
mined that the thermal Cr(VI) reduction in the presence of Cit is
negligible, indicating that reduction takes place only under ultra-
sound. Cr(VI) sonochemical reduction can occur according to
Scheme 3 by: 1) hydrogen atoms (H*); 2) molecular hydrogen; 3)
H,0; (Eq. (13).); 4) HO3 (Eq. (14)); 5) the reducing Cit® radical (Eq.
(15)). Scheme 3 shows the mechanism. Reactions 1) and 2), as said
before, are minor processes and are not shown in Scheme 3.

Cr(VI) reduction up to Cr(Ill) by H* attack, although thermody-
namically highly feasible processes (EO(HHH.) = -23 V!
(Breitenkamp et al,, 1976)) (Ecrviyjcrvyy = +0.55 Vi Edcrvy
avy) = +1.34V, EO(Cr(lV)/Cr(lll)) = +2.10 V (Bard et al., 1985)) is not
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2Cr(VD) +3 Hy0, » 2 Cr(Il) + 30, + 6 H' (13)
Cr(VD/(V)/(IV) + HO,* — Cr(V)/(IV)/(IIl) + H" + O, (14)
Cr(VD/AV)(IV) + Cit* — Cr(V)AIV)/(III) + Cito (15)
Cr(V)/(IV)/(IIT) + HO® — Cr(VI)/(V)AIV) + HO (16)
Cr(V) + H,0, — Cr(VI) + HO* + OH (17)
Cr(VD/(V)/(IV) + CitOO* — Cr(V)/(IV)/III) + Cito (17)

Scheme 3. Proposed mechanism of Cr(VI) reduction by sonochemical reactions.

shown in Scheme 3 because, as said before, reactions with H® are
minor. Reduction of Cr(VI) by H; (only significant under Ar and N)
seems to be small, similarly to the results found by Nagata et al.
(1996) for the sonochemical formation of Au nanoparticles. In the
present experimental system, the contribution of Hy can be even
lower because it can be blown out by the Ar and N, sparging. HO3 is
aweak reducing radical, and reacts with Cr(VI) with transformation
up to Cr(Ill) (Eq. (14), Al-Sheikhly and McLaughlin, 1991). In the
presence of Cr(VI) and in the solution bulk, reaction of HO3 through
Eq. (14) should be preferred to Eq. (10), considering the rather low
second order rate constant for this last reaction (8.3 x 10°M s,
Merouani et al., 2015b), and the much higher Cr(VI) concentration
than that of the radical. In conclusion, Eq. (13) seems to be the main
contributor to Cr(VI) reduction.

The presence of Cit improves the rate and efficiency of Cr(VI)
removal (Meichtry et al.,, 2018), by: i) inhibiting the detrimental
Cr(V)/(IV)/(III) reoxidation by oxidative species like HO® (Eq. (16)),
which will attack preferentially Cit, as it is present at high con-
centration; ii) by generation of Cit* (Eq. (4)), which contributes to
Cr(VI) reduction (Eq. (15)); 3) by stabilization of Cr(V) species (e.g.,
the monoperoxochromate(V), Meichtry et al, 2018) by
complexation.

Although an inhibiting scavenging of reducing radicals Cit* can
take place when O, is present (Eq. (15)), Scheme 3), the interme-
diate peroxy species can still be expected to be able to reduce Cr(VI)
(Eq. (18), Scheme 3, Sostaric et al., 1995).

H,0; could also oxidize Cr(V) (Eq. (17)); this reaction generates
HO®, and a Fenton type reaction, giving a cyclic Cr(VI)/Cr(V) gen-
eration, takes place (Bokare and Choi, 2010; Bokare and Choi, 2011,
and references therein). In the absence of Cit, the theoretical Cr(VI)
zero-order reduction rate, determined from the H»O, generation
rate, is 0.75 uM min~!, very close to the measured value of
0.69 uM min~!; the small difference between these values can be
attributed to Eq. (14), indicating that this is a minor reaction
(Meichtry et al., 2018).

This mechanism is equivalent to that described for the sono-
chemical reduction of several inorganic compounds or formation of
noble metal particles by ultrasonic irradiation (Nagata et al., 1996;
Okitsu, 2010; Pankaj, 2010). Similar mechanisms were proposed for
Cr(VI) radiochemical reduction (Al-Sheikhly et al., 1988; Al-
Sheikhly and McLaughlin, 1991; Yuan et al., 2006), and for Cr(VI)
reduction under discharge and glow discharge plasma (Wang and
Jiang, 2008; Ke et al., 2011).

3.4. Products of the sonochemical reduction of Cr(VI) in the
presence of Cit under different working atmospheres

Cr(Ill) formation according to Scheme 3 was confirmed by the

band at around 550 nm in the spectra of the final solution of the
sonochemical experiments (Fig. 3), when almost complete Cr(VI)
reduction was reached. This band corresponds to the Cr(IIl)-Cit
complex (Meichtry et al., 2018); the nature and the amount of the
complex at the indicated time is very similar under all conditions,
suggesting an analogous Cr(VI) reduction mechanism under all
different atmospheres. The difference observed under N, sparging
can be ascribed to the incomplete Cr(VI) reduction, as clearly
appreciated in the inset of Fig. 3, where the 350—500 nm range is
enlarged; the peak at 350 nm corresponds to Cr(VI).

As said, Cr(V), Cr(IV) and Cr(Ill) can be formed according to
Scheme 3. Although Cr(Ill) reduction to Cr(Il) (EO(Cr(m)/
crny = —0.42) and even to Cr(0) (E%crnjcroy) = —0.90 V) could be
possible by H® attack (Bard et al., 1985), Cr(Ill) is the only product
reported in previous works on Cr(VI) sonochemical reduction
(Kathiravan and Muthukumar, 2011; Meichtry et al., 2018). In the
present work, even under Ar sparging (Fig. 1), where the contri-
bution of H* to Cr(VI) reduction should be higher due to the absence
of Oy, no other product has been detected. However, it is possible
that longer reaction times are required to detect the formation of
Cr(I) and/or Cr(0).

In the experiments with the ROAWS and under air and N,
sparging, IC results indicated nitrate formation. Fig. S2 shows the
results; NO3 evolution was adjusted to a zero-order rate law for Ny
and air up to the end (180 min) and up to 90 min for the ROAWS.

0.04 T
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\ g
3 \ e 0.4
003 \ 2
.03 028, o
8 \ \ 0.0 el A4 LT YT Y
c \ 250 300 350 400 450 500
g ! \ Wavelength, nm
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a \ s 180 min ROAWS
< X \ 270 min air sparging
R S \ 180 min Ar sparging
e —_—— 270 min O, spargin
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Ny O e 300 min N, sparging
0.00 T . -
300 400 500 600 700 800
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Fig. 3. Spectra of solutions during the sonochemical experiments of Cr(VI) reduction in
the presence of Cit under different atmospheres, taken at almost complete Cr(VI)
reduction (the time is indicated), with the exception of the reaction under N, (taken at
300 min). Conditions: [Cr(VI)]o = 0.30 mM, [Cit] = 2 mM, pH 2, T = 30 °C.
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Table 3 indicates the NO3 concentrations found at 180 min. The
highest concentration was found in the ROAWS, followed by air
sparging; under N, NO3 was formed at very low concentration (in
the micromolar range), the same behavior observed for Cr(VI)
reduction (Fig. 1), HyO, generation (Fig. 2) and KI dosimetry
(Table 2). This indicates that, as long as N is present, NO3 values
are directly related to the yield of generation of reactive species.

The decrease in the NO3 formation rate after 90 min observed in
Fig. S2 for the ROAWS can be correlated with the decrease in H,0,
formation rate, and ascribed to a decrease in O, and N, concen-
trations among other reasons (see section 3.2); although H*® and Cit*
(E%(Citoy/Cit*) = —1.5 V, see section S2) could react with the formed
NO3 ((E°(NO3/°NO3~) = —0.89 V, Fessenden et al, 2000), the
absence of reaction products such as NO3 and NHj indicates that
NO3 reduction is not taking place in this system.

As mentioned, NO3 was never detected, even in the experi-
ments under N, probably due to a fast oxidation to NO3. NH4 (or
NH3), another compound that can be formed in sonochemical
systems when N is present and O, is absent (Sivasankar and
Moholkar, 2009; Merouani et al., 2015a; Merouani et al., 2015c)
was analyzed as a reaction competing with Cr(VI) reduction, but it
was never detected.

The mineralization of Cit measured by TOC was negligible in all
cases (<2%). Possible Cit degradation products were analyzed by IC
in the ROAWS, under air and under N». FA and acetic acid (AA) were
the only products detected at rather low concentrations (Table 3).
Under Ar, only the final value was measured. The evolution of FA
and AA is indicated in Figs. S3 and S4. A linear kinetics was followed
for both compounds up to 60 min with very good correlation pa-
rameters. With the ROAWS, FA and AA began to decrease after ca.
90 and 60 min, respectively. At the working pH, both carboxylic
acids are protonated and probably migrate to the gas phase (Hart
and Henglein, 1985), where they surely degrade faster than in the
liquid phase, as they have to compete with Cit by the HO®. Under
the other conditions, the reaction rate is lower and the turning
point from where the FA and AA concentrations begin to decrease
or stop increasing cannot be seen.

Previous reports of Cit degradation using TiO,-heterogeneous
photocatalysis (pH 2.8) indicate that the most important product
was 3-oxoglutaric acid, but acetic (AA) and formic (FA) acids,
among other products, were also identified (Meichtry et al., 2011).
In the present ultrasonic experiments, FA and AA could be
measured in all systems (Table 3), although the concentrations
were very low under Ny, in agreement with the low Cr(VI) con-
version, KI dosimetry and H,O, generation rate. Under air, the
amount of Cit degradation products was similar to those with Ar
and with the ROAWS. Cit is degraded to these compounds most
probably by HO*® attack. Cit degradation products enhance also the
Cr(VI) reduction process as, similarly to Cit, they have the potential
of stabilizing Cr(V) species by complexation (Meichtry et al., 2018).

Regarding the effect of the products of Cit degradation on Cr(VI)
reduction, as said in the previous paper (Meichtry et al., 2018), FA

Table 3

Quantification of products found at 180 min in the sonochemical transformation of
Cr(VI) in the presence of Cit under different atmospheres. Conditions:
[Cr(VI)]o = 0.30 mM, [Cit] = 2 mM, pH 2, T = 30 °C, sparging flow rate = 0.5 L min ™.

Sparging [NOs] (uM) [FA] (uM) [AA] (kM)
ROAWS 93.5 35 22

Ar ND 31 15

Air 353 37 28

N, 29 10 6

0, ND - -

ND: not detected.

and AA are inefficient scavengers in sonochemical reactions
(Henglein and Kormann, 1985; Findik and Giindiiz, 2006, 2007),
and they should not inhibit (or to a low extent) H,O, formation;
moreover, their concentration was very low compared to that of Cit.
In any case, FA would benefit Cr(VI) decay as it scavenges HO®,
avoiding Cr(V)/(IV)/(Ill) reoxidation (Eq. (15)), as it generates the
strong reducing COOH® radical (E° = —1.9 V) (Eq. (19) Armstrong
et al., 2016):

HCOOH + HO®* — COOH® + H,0 (19)

3.5. Effect of different atmospheres on the sonochemical reduction
of Cr(VI) in the presence of Cit and on the H,0, sonolysis

As said in section 3.1, the order of reactivity found for the Cr(VI)
sonochemical reduction was ROAWS = Ar > air = 0; > Ny
(Table 1). Not including the ROAWS, a very different experimental
condition due to the absence of sparging (see section 3.6), the
decrease in Cr(VI) reduction rate under O, air and N, compared
with the Ar system can be ascribed to a lower generation of radicals,
in agreement with the results of H,O, generation rate. Another
reason can be that, when O, and/or N, are present, reactions with
H*® will be minor, as atomic hydrogen is consumed by Eq. (6)
(Pflieger et al., 2015a); however, the fraction of generated H® that
reacts in liquid phase is usually low (Nagata et al., 1996, 2000)
indicate that only 30% of the formed H® under Ar contributes to
Au(III) reduction, despite the high second order kinetic constant for
this reaction (5.7 x 10° M~! s~1), which is similar to that of Cr(VI)
with H* (6.9 x 10° M~! s~1 Buxton et al., 1988). Al-Sheikhly et al.
(1988) calculated that in the radiolytic reaction of Cr(VI) under
03, 30% of H* will react directly with Cr(VI), but in the radiolytic
systems, H® is generated in the aqueous phase, which increases the
probability of reaction with Cr(VI).

When pure N is used, besides the low efficiency of generation
of radicals (Gielen et al., 2016; Torres-Palma and Serna-Galvis,
2018), the decrease of Cr(VI) reduction could also be ascribed to
N, fixation by scavenging with HO® (Wakeford et al., 1999;
Sivasankar and Moholkar, 2009), in agreement with the important
decrease in H,0, production rate and a lower value of the dosim-
etry (Table 2). Additionally, the decrease of Cr(VI) decay can be
related to the absence of dissolved O,, responsible in part for the
generation of HyO,, one of the main contributors to Cr(VI) reduc-
tion (Kathiravan and Muthukumar, 2011; Meichtry et al., 2018). As
mentioned above, the possible scavenging of H®* by N, can be
neglected as a reason for the decay in Cr(VI) reduction rate, as it
would give NHZ as final product (Sivasankar and Moholkar, 2009;
Merouani et al., 2015a; Merouani et al., 2015c), which was not
detected.

As said in section 3.2, the order found for HO® generation
calculated from H,0; generation was Ar > O, > air > Ny, although
other authors reported that the yield of H»O, under O is a little
higher than that under Ar (Pflieger et al., 2015a). Merouani et al.
(2015c¢) indicated that the difference can be ascribed to the fre-
quencies used, as for values lower than 515 kHz, the bubble tem-
perature is too high, and a strong consumption of radicals takes
place before the full collapse. On the other hand, the HO® genera-
tion calculated from KI dosimetry followed the order
air = 0y > Ar > N (Table 2), with values = 3 times higher than
that obtained from H,0, generation when O, and/or N; are present
(ROAWS, 0o, air or Ny sparging), while under Ar are only 1.7 times
higher. This can be explained considering that despite Hy0, is
generated by different parallel pathways (See Schemes 1 and 2), KI
doses not only HO®* migrating to the solution bulk but also other
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substances that can oxidize I". As said, equations referred to the KI
dosimetry are reported in Section S2 (SI), Scheme S2, (lida et al.,
2005; Merouani et al., 2010; Pflieger et al., 2019b). We show the
global reaction (Eq. (S8) of Scheme S2, and the rest of Egs. are in this
Scheme S2.

In the presence of H,0,, I~ can also be oxidized to I, (Eq. (S9)),
although this reaction is rather slow in the absence of a catalyst
(Hart and Henglein, 1985; lida et al., 2005). Higher rates of I3 for-
mation in acidic solution (as in this work), have been ascribed to the
oxidation of I~ by O (Eq. (S10), Merouani et al., 2010), but in the
present work, controls indicated that this reaction is negligible.
Another possibility could be I~ oxidation by 0, (Braathen et al.,
1988), but it has been already said that 10, sonochemical genera-
tion is negligible in the absence of sensitizers (He et al., 2016, see
section 3.3). Triplet atomic oxygen (O(’P)) generated by Eq. (6)
could additionally oxidize I~ (Eq. (S11), Hart and Henglein, 1985);
however, O(*P) generates HO® by reaction with H,0 (Pflieger et al.,
2015a), and should also contribute to H,0, generation by Eq. (9). At
pH 2, 1" can be oxidized by other reactive oxygen species (e.g., HO3)
that do not generate H,0,, or do it with a lower yield. Eq. (9) in-
dicates that 2 HOj gives one H,0», but it can generate up to 3 I3 if
completely reduced by I~ (Eq. (12)); however, this reaction is also
rather slow or null (k < 10> M~! s71) (Hart and Henglein, 1985).
Finally, when N is present, nitrous acid is formed (Eq. (S4)), which
in turn can oxidize I~ (Eq. (S13)), reaction catalyzed by dissolved O,
(Pflieger et al., 2019b); however, this cannot explain the differences
between HO® yields measured by KI and by H,0, when O, is
sparged.

Summarizing, the value of KI dosimetry was lower under Ar
compared with the other systems containing dissolved O, because
of the presence of other radicals besides HO®, which increase I~
oxidation, being their effect more significant when O and/or N, are
present.

Merouani et al. (2015a) report that, under O, at 875 kHz, the HO*®
production rate is higher than under air, which would lead to a
higher H,0, production (Eq. (3)) and, consequently, to a higher
Cr(VI) reduction rate. However, Tables 1 and 2 show that kcy(vi) and
Gyo. from the KI dosimetry under O, are almost identical to those
obtained under air, and that the initial H,O, generation rate (kg202,
Table 2) is somewhat smaller under O, than under air. Therefore, it
can be concluded that, in the experimental range of the present O,
concentrations (8.20—30 mg L~!), no changes in the HO® generation
yield are observed.

The properties of dissolved gases, such as their ratio of specific
heats (polytropic index or adiabatic ratio, v = C,/Cy), the solubility
in water (S) and, to a lesser extent, the thermal conductivity (Q)
determine the hot spot temperature (Beckett and Hua, 2001; Okitsu
et al,, 2006; Rooze et al., 2013; Gielen et al., 2016; Torres-Palma and
Serna-Galvis, 2018), influencing the sonochemical activity. Addi-
tionally, recent studies indicate that the gas diffusion coefficient (D)
may also play a role (Pflieger et al., 2015b; Pflieger et al., 2019a). The
values for v, Q, S and D of the gases here employed are shown in
Table S1. However, there is generally little or no systematic corre-
lation of the sonochemical transformation of chemical species with
these properties, this aspect remaining controversial.

Monatomic gases like Ar have typically higher y than polyatomic
gases such as Oy or N3, which results in a higher temperature in the
bubble at the collapse (Beckett and Hua, 2001; Sivasankar and
Moholkar, 2009; Rooze et al., 2013; Merouani et al., 2015b), more
energetic implosions and higher generation of radicals. This is
confirmed by the observed higher H,O, accumulation when Ar is
used (Fig. 2 and Table 2). Similarly, the smaller cavitation effect in
air than in Ar, due to the lower v value, was given as the explanation
for the appreciable decrease of the rate of formation of Au nano-
particles under air (Nagata et al., 1996). A similar case is the ROAWS,

where the generation of radicals will be higher due to the absence
of sparging (see section 3.6), despite the absence of H* due to the
presence of dissolved O,.

Regarding the effect of gas solubility, systems with higher S will
have more gas entering the bubbles, providing more nucleation
sites for cavitation and a higher number of bubbles in the medium
(Okitsu et al., 2006; Merouani et al., 2015c); however, other authors
indicate that a higher S can cushion the collapse (Rooze et al., 2013
and references therein). Nevertheless, in the present case, as Cr(VI)
reduction rate, KI dosimetry and H,O, generation rate are almost
identical under O and air sparging despite their significant dif-
ferences in solubility, it can be concluded that S is not a relevant
parameter.

A low thermal conductivity has been related to a higher tem-
perature during the bubble collapse and, correspondingly, to a
higher radical generation (Beckett and Hua, 2001; Rooze et al.,
2013; Gielen et al., 2016). The higher activity under Ar, which has
the lower Q, seems to indicate that this parameter is significant;
however, Okitsu et al. (2006) has found that the collapse temper-
ature is almost the same for the different noble gases under high
frequency ultrasound, despite the large differences in Q, because
the process is faster and thus more adiabatic than under low fre-
quency. Therefore, in the present study, the effect of Q could be
considered minor.

The gas diffusion coefficient can play a role defining the bubble
size, as a high D allows a faster bubble growth in each expansion
cycle, enhancing the reactivity of the system (Pflieger et al., 2015b;
Pflieger et al., 2019a). However, the highest D value corresponds to
Ny (Table S1), which showed the worst efficiency. Besides, the ac-
tivity is higher under Ar compared with O,, although D is the same,
and the activity is almost identical under air and O,, although D is
higher for air compared with O,. Thus, it can be concluded that D is
not a relevant parameter in the present study.

Sometimes the overall sonochemical activity is controlled by the
nature of the internal bubble chemistry (Rooze et al., 2013; Gielen
et al.,, 2016); i.e., O, can compensate the lower bubble temperature
(compared with Ar) by the self-decomposition (Merouani et al.,
2015¢) and by the fast H® scavenge, preventing any recombina-
tion with HO®. This is observed when comparing pure N, with O,
and air bubbling, where the far lower activity under N, can be
ascribed to the absence of dissolved O;. Finally, it should be
mentioned that although Ny can generate N* and NO, which scav-
enge HO® (Eq. (S1)-(S4), Ouerhani et al., 201529; Merouani et al.,
20153, 2015c; Gielen et al., 2016; Pflieger et al., 2019b), these are
also minor reactions because, as indicated above, the activity under
03 and air is very similar.

In conclusion, the higher ¥ would be the main reason for the
higher activity under Ar.

3.6. Effect of sparging

In section 3.1, it has been said that, under Ar sparging, Cr(VI)
decay was almost equal to that with the ROAWS, and was lower
under air, Oz or Ny (Fig. 1 and Table 1), the sparging causing a
decrease in the reactor performance. Once the gas flow was
stopped (at 180 min in all cases), an increase on the Cr(VI) reduction
rate was observed (Fig. 1 and Table 1), and it can be considered that
all values after stopping the sparging are in the same order within
the experimental error and equal to the value with the ROAWS. This
is confirmed by the DO concentrations (Table 1), which were almost
constant up to 180 min, but when the sparging was stopped, DO
reached in all cases values similar to those of the ROAWS (between
2 and 3 mg L™"). H0,, the main Cr(VI) reducing agent, is then
generated under all conditions from this O, concentration.

The high NO3 concentration found in the ROAWS (93.5 uM),
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compared with the lower values obtained under air and N
(Table 3), reinforces the assumption that the main effect of the
sparging is a decrease on the generation rate of reactive species and
not the generation of species that might compete with Cr(VI) for
the generated H,O,, such as NO3 (Lukes et al., 2014) that can be
oxidized to nitrate, as said before. The effect of the sparging agrees
with the decrease on the HO® generation yield under sparging,
measured by both H,0, generation rate and KI dosimetry, which
varies in the order ROAWS > air = O, > N, (Table 2).

The lower activity caused by the sparging can be explained by
the coalescence of bubbles generated by the ultrasound, which
become sonochemically inactive. Another interpretation is that the
sparging would interrupt or destroy the cavitation bubbles, or
interfere with the passage of sound waves in the solution, causing a
lower cavitational effect (Teo et al., 2001; Gogate et al., 2003; Wood
et al.,, 2017). Our results contrast with those usually found in
sonochemical systems, where the sparging increases the efficiency
(Gogate et al., 2003; Gogate, 2008; Katekhaye and Gogate, 2011;
Pflieger et al., 2015a,b) due to a more homogeneous distribution of
the bubbles in the reactive volume and/or to an enhanced number
of nuclei for cavitation, although lower ratios of gas flow over
treated volume were used by these authors. However, Gogate et al.
(2003) also reported that, at higher gas flow/reactor volume ratios,
the interference is dominating. In reference Kojima et al.’ (2010) a
stirrer is used, and gases are not bubbled or sparged, in contrast
with our present experiments, where gases are sparged. Although
some authors find that sparging or mechanical agitation improves
the reaction, it was appreciated in the present paper that bubbling
does not causes this enhancement. In another paper of the authors
(Kojima et al., 2005), gases were bubbled in the solution, but there
the influence of the sparging has been not analyzed.

4. Conclusions

The study of the Cr(VI) sonochemical reduction under different
atmospheres is important in order to define the best experimental
conditions for the technological use of this system. The ROAWS and
Ar sparging gave the best results; reaction under N, is the worst
condition. The final product of Cr(VI) reduction was, in all cases,
Cr(IlI) in solution forming Cr(Ill)-Cit complexes. The production of
H,0; in the presence of Cit and the identification of Cit degradation
products, in addition to formic and acetic acids identified here, will
be studied in a next paper. The generation rate of H,O, correlates
much better than the KI dosimetry with the Cr(VI) reduction rate,
most probably because H0; is the main species responsible for
Cr(VI) reduction. Among the studied sparging gases, Ar proved to
be the one that generates the fastest Cr(VI) reduction rate, due to its
higher polytropic index, which causes more energetic collapses,
generating more reactive species. Although the reaction is favored
under Ar, due to the higher rate of generation of reactive species
(mainly H,05, but also H®, H, and Cit®) among the studies gases, and
because NO3 is not formed in the process, Ar is an expensive gas,
and the control of the working atmosphere implies complex re-
actors; besides, the sparging gas flow rate used decreased the
generation of reactive species. Considering the high rate of Cr(VI)
reduction and H,0; generation, and the rather low amount of NO3
produced, the ROAWS can be considered the best operative
condition.

As commonly found, reactions under N; are not convenient, and
reactions under O, or air are also disfavored, due to the interference
caused by the sparging in the generation of reactive species. This
contrasts with results of photocatalytic reactions where the pres-
ence of O, does not reduce the efficiency of Cr(VI) reduction in
acidic media (Litter, 2017).
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