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Sonochemical reduction of Cr(VI) in air in the presence of organic 
additives: What are the involved mechanistic pathways?
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A B S T R A C T

The  sonochemical  (850 kHz)  reduction  of  Cr(VI)  (0.3  mM,  pH  2,  reactor  open  to  air)  was
analyzed in the pre- sence of different additives. The effects on Cr(VI) reduction efficiency of
added formic acid (FA, 10 mM), citric acid (Cit, 2 mM), ethylenediaminetetraacetic acid (EDTA,
1 mM), methanol (MeOH, 0.1 M), ethanol (EtOH,
0.1 M), 2-propanol (2-PrOH, 0.1 M), tert-butanol (t-BuOH, 0.1 M), phenol (PhOH, 2 mM) and sodium
lauryl sulfate (SLS, 1 mM) have been evaluated in comparison with the system in the absence of
additives. Complete Cr
(VI) reduction was obtained only when using EDTA (at 120 min) and Cit (at 180 min). Cr(III)
complexes with these compounds or with their degradation products were detected as final
products. For EDTA, Cit, t-BuOH, FA and SLS, the Cr(VI) decay could be adjusted to a zero-order
kinetics; in the cases of MeOH, EtOH and 2-PrOH, there was a deviation from the zero-order
kinetics. The Cr(VI) conversion increased in the order SLS (very low) < no additive ≅ MeOH ≅
EtOH ≅ 2-PrOH < FA < t-BuOH < PhOH < Cit < EDTA. The role of EDTA and Cit  in
stabilizing intermediate Cr(V) peroxo compounds and enhancing their direct transformation into
different  Cr(III)  species is  considered a  major  factor  in the acceleration of  Cr(VI)  reduction
processes. Mechanistic pathways are proposed.

1. Introduction

Hexavalent chromium (Cr(VI)) is a pollutant present in
wastewaters of industrial processes such as leather tanning,
paint manufacturing and  electroplating.  Due  to  its  acute
toxicity, carcinogenic and mutagenic effects and high mobility
in  water,  its  presence  is  of  concern  ([1]  and  references
therein) and its maximum concentration in drinking water has
been regulated to 50 μg L−1 by the World Health Organization
[2]. Cr(VI)  treatment  usually  involves  a  reduction  step  to
Cr(III),  which  is  far  less  toxic  than  Cr(VI),  and an  essential
trace  metal  in  human  nu-  trition  [1];  Cr(III)  can  be  easily
removed  from  the  solution  as  a  solid  waste  after
neutralization.  Advanced  Processes  are  promising  technol-
ogies  for  Cr(VI)  reduction;  in  particular,  heterogeneous
photocatalysis and nanozerovalent iron have been the most
studied Advanced  Pro-  cesses for  Cr(VI)  reduction (see e.g.
[1,3–5]).  However,  other  Advanced  Processes,  such  as
sonochemical reduction, still merit research.

In general, most studies have focused on the sonochemical
oxidation

of organic pollutants, while the study of inorganic species is
still scarce,

especially  through  reductive  processes  (e.g.  [6–10]).  Cr(VI)
reduction using ultrasound has been previously reported [11–
14] with negligible reaction at low frequencies (20 kHz) [15].
Kathiravan and Muthukumar
[14]  proposed  that  Cr(VI)  transformation  by  ultrasound  is
produced  by reduction to Cr(III) by the direct action of H2O2

generated  in  the  so-  nochemical  process  (see  below);
however,  a  complete  mechanism  was  not  provided  by  the
authors.  Ultrafine  amorphous  Cr2O3 powders  have  been
produced  by  aqueous  sonochemistry  of  ammonium
dichromate, a process accelerated by the addition of ethanol
[16]. This indicates  that  other alcohols and carboxylic acids
can be added to promote  Cr(VI)  sonochemical  reduction,  in
accordance with reports that indicate that organic compounds
have  a  marked  effect  on  ultrasonically  induced  chemical
reactions [17]. Regarding the phase where Cr(VI) would react,
according to Henglein and Kormann [18], it can hardly be
expected that  ionic species enter the gas phase and then it
can be proposed that Cr(VI) reductive reactions take place at
the interface or in the bulk solution. As said, H2O2 formation
may occur,  at  least  in  part,  in  the  liquid  phase;  therefore,
reduction of Cr(VI) by H2O2 is highly feasible.

⁎ Corresponding author at: Gerencia Química, Comisión Nacional de Energía Atómica, Av. Gral. Paz 1499, 1650 San Martín, Prov. de Buenos Aires, Argentina.
E-mail addresses: marta.litter@gmail.com, litter@cnea.gov.ar (M.I. Litter).
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Thus,  in  this  paper,  the  presence  of  formic  acid  (FA),
ethylenedia-  minetetraacetic  acid  (EDTA),  citric  acid  (Cit),
methanol (MeOH), ethanol (EtOH), 2-propanol (2-PrOH),  tert-
butanol  (t-BuOH),  phenol  (PhOH)  and  sodium lauryl  sulfate
(SLS)  has  been  evaluated  regarding  their  effect  on  Cr(VI)
reduction by ultrasound under air.

2. Experimental

2.1. Chemicals and materials

Potassium dichromate  (99.9%),  EtOH  (>  99.9%),  MeOH
(99.7%) and PhOH (99%) were Merck,  Cit (99%) and EDTA
(99%) were Riedel de Häen, FA (99%) and SLS (> 92%) were
Carlo Erba, 2-PrOH was Anedra (Research AG, 100%), and  t-
BuOH was Tedia  (> 99.0%). Diphenylcarbazide was UCB for
analysis, dissolved in acetone (Merck, 99.5%). Perchloric acid
(70%,  Biopack)  was  used  for  pH  adjustment.  All  other
reagents were of analytical grade and used as received. All
so-
lutions and suspensions were prepared with Milli-Q grade
water (resistivity = 18 MΩ cm at 25 °C), Osmoion Apema.

2.2. Sonochemical reactor

2.2.1. Setup design
The sonochemical reactor was a 60 mm outer

diameter, 2.5 mm  thick and 50 mm height Pyrex tube,
350 mL total volume, jacketed with a 36 mm, 2 mm thick
and 150 mm height outer diameter tube to allow  water
recirculation. An ultrasonic transducer type E/805/T(02)
(Meinhardt-Ultraschalltechnik),  with  a  DN  60  flange,
emitting  at  850 kHz,  powered by an ultrasonic  power
generator type K  8-1  (Meinhardt-Ultraschalltechnik), was
attached to the bottom of the re-  action  tube,  in  direct
contact  with  the  aqueous  solution.  An external  jacket
allowed water recirculation. The temperature of the
cooling  water was 25 °C; the temperature of the
solution was 30 °C, reached 5 min after switching on the
power and kept constant throughout the  experiment. At
the working frequency and conditions (850 kHz, ultra- sonic
intensity ≈ 10 W cm−2),  the  maximum  bubble  radius  and
the collapse time can be estimated from Table 1 of
reference [19] as 4.5 µm and 0.4 µs, respectively.

2.2.2. Calorimetry and dosimetry
In Appendix A, a complete description of the fundamentals

and  calculations  performed  to  obtain  the  calorimetric  and
dosimetric parameters of the ultrasound system is provided,
together with  the  corresponding references. The total power
input by the transducer  into the   liquid   (Pac)   was   51 W
L−1   [20,21].   The   HO% generation   rate obtained  by  the
KI  dosimetry  [21]  was  3.1 µM min−1;  this  value, divided
by   the   input   power,   gives   a   HO% generation   yield  of
9.9 × 10−10 mol J−1. With  the  Fricke  dosimeter  without
and with  Cu
(II) [22], a Fe(III) generation rate of 5.9 µM min−1 was
obtained, while in  the experiment  with  Cu(II),  the
generation  rate  was 3.5 µM min−1; the difference between
these rates divided by 4 (0.6 µM min−1) is the

compounds,  control  experiments  without  ultrasound  were
performed  under  identical  experimental  conditions  (30  °C,
constant),  as  a  measure of Cr(VI)  thermal  reduction,  which
was always found smaller than 5% even after 300 min; the
solutions were always properly homogenized before sampling.

2.2.4. Analytical determinations
Samples (2 mL) were periodically taken from the reservoir

and brought to 10 mL with distilled water. Cr(VI) was always
determined by the diphenylcarbazide method at 540 nm [24]
and, in some experi-  ments, by the absorbance at 352 nm
[25]; both techniques gave almost identical results, indicating
that the Cr(V) concentration was always negligible [26].

Anions were analyzed by ionic chromatography (IC) using a
Dionex  ICS-5000  ion  chromatograph  with  suppressed
conductivity  detection.  An Anion Self-Regenerating
Suppressor (ASRS 300-4 mm), and a car-  bonate
suppressor (CRD 200-4 mm) were used, with an Ion Pack
AS19-  Analytical-4  ×  250  mm column and  an  Ion Pack
AG19  Guard-  4 × 50 mm precolumn, and KOH at 1 mL
min−1 isocratic flux as eluent,  with  the  following  linear
concentration gradient:  10 mM  KOH (0–6 min), 10–80 mM
KOH (6–9 min),  80 mM KOH (9–21 min), 80–10 mM KOH
(21.0–21.1 min), 10 mM KOH (21.1–24 min). For am-
monium, a Cation Self-Regenerating Suppressor (CSRS 300–4
mm)  was  used, with an Ion Pack CS17-Analytical-4 × 250
mm column and an Ion  Pack  CG17  Guard-4  ×  50  mm
precolumn, and methanesulfonic acid (MSA) at 1 mL min−1

isocratic flux as eluent, with the following linear
concentration gradient: 2 mM MSA (0–11 min), 2–7 mM
MSA (11–11.1 min), 7 mM MSA (11.1–22 min), 7–2 mM MSA
(22–22.1 min),
2 mM MSA (22.1–24 min). The temperature of columns and
detectors were 30 and 35 °C, respectively, and the injection
loop was 100 μL.

PhOH was determined by HPLC using a Cecil Adept CE4900 
HPLC

chromatograph, in the following conditions: reversed phase
C-18 column (Grace-Alltech GraceSmart RP 18, 250 × 4.6
mm; 5 µm particle  size),  water:MeOH  solution  (70:30)  as
eluent,  1 mL min−1  flow  rate, 200 µL loop, detection at
280 nm.

TOC (total organic carbon) was measured with a Shimadzu
5000-A TOC analyzer in the TOC mode.

For dissolved oxygen measurement, a Hach SensIon 156
dissolved  oxygen meter was used (detection limit 0.1 mg O2

L−1).
UV–Vis  absorption  measurements  were  performed

employing  a PG  Instruments  UV–visible  spectrophotometer,
model T80+. UV–Vis ab- sorption spectra were performed in a
Hewlett-Packard  diode  array  UV–visible  spectrophotometer,
model HP 8453 A.

3. Results

In Fig. 1, results of Cr(VI) (0.3 mM) ultrasonic decay in the
presence of different additives at pH 2 with the reactor open
to air are shown. The pH was that of previous works of the
group on Cr(VI) photo- catalytic reduction over TiO2 [26–29].
At  this  concentration  and  pH,  the main Cr(VI) species is
HCrO4

−  [30]. The concentration of Cit was
generation rate of H%/HO % radicals [22].
H O

formation rate [20] 
was

2 mM, the optimum found for TiO2 Cr(VI) photocatalytic system 
[26],

measured   at    350 nm   [23];    a    constant    H2O2

formation   rate of
1.1 µM min−1  was  obtained  for  sonolysis  times  shorter
than  15 min. With this H2O2 generation rate and the H%/HO %

generation rate, the HO%  generation   rate   was   calculated
as   3.9 µM min−1,   close   to
3.1 µM min−1, the value obtained with KI.

2.2.3. Sonochemical experiments
The experiments were performed with 325 mL of a 0.3 mM

Cr(VI) solution at pH 2 with the reactor open to air, adding the

corresponding  amount  of  organic  additive  in  the  particular
experiments.  All  experi-  ments  were  performed  at  least  by
duplicate  and  the  standard deviation  among  replicates  was
never  higher  than  10%. The  fitting  of  the ex-
perimental points was performed with Sigmaplot 12 software.
Changes of pH at the end of all runs were negligible (ΔpH <
0.1). For all studied



while the concentration of the other carboxylic acids, SLS
and PhOH were selected to correspond approximately to the
same  initial  TOC  of 2  mM Cit.  The  concentration  of  the
alcohols  (0.1  M)  was  similar  to  that  used  in  the  Cr(VI)
photocatalytic reduction in the presence of MeOH published
before  [31]; under these conditions, the thermal reduction
of Cr(VI) by MeOH can be neglected. Fig. 1(a) is the plot for
the  Cr(VI)  decay  in  the  absence  of  additives  and  in  the
presence of carboxylic acids, t-BuOH, PhOH and SLS, while
Fig. 1(b) is the plot in the presence of MeOH, EtOH and 2-
PrOH.

A linear Cr(VI)  decay is  observed for the conditions of
Fig.  1(a)  while  a  deviation  of  this  kinetic  behavior  is
observed for the results  of  Fig. 1(b). For comparison, zero
order rate constants (k0) taken from the points of  Fig. 1(a)
and initial zero order rate constants  (k0,i) (up to        15 min)
taken from the points of Fig. S1(b) are presented in Table
1.



The Table also shows the percentage of Cr(VI) decay at 180
min, and the vapor pressure of volatile compounds calculated
from  the  Henry  constant [32] in water at the used
concentration. As the vapor pressures are those of the pure
compounds,  this  explains  the  higher  vapor  pres-  sure  of  t-
BuOH compared  with  MeOH under  our  experimental  condi-
tions, despite pure MeOH is more volatile than pure t-BuOH at
a  given  temperature. For the systems without additives and
with nonvolatile compounds (i.e., EDTA, Cit, PhOH and SLS),
the vapor pressure is that of water at 25 °C.

Dissolved O2 evolution during the experiments
presented no sig-  nificant differences among the different
conditions, and the averaged results are shown in Fig. S2.
A  final  value  of  O2 concentra-  tion = 0.5 mg L−1 was
measured at t = 180 min, indicating that anoxic conditions
were never reached during the experiments.

A separate sonolytic experiment of water at pH 2 (with
HClO4, no Cr

(VI) or  additives),  open to air, revealed that  92 µM H2O2 were
formed
after 180 min of insonation (Fig. S3). The evolution of the H2O2

con- centration followed a zero order rate law, according to
Eq. (1):

[H2O2] = kH2O2 × t
(1)

Fig. 1. Temporal profile of normalized Cr(VI) concentration ([Cr(VI)]/
([Cr (VI)]0)  during the sonochemical  experiments of  Cr(VI)  in the
presence of dif- ferent additives: (a) with EDTA, Cit, FA, SLS, PhOH
and t-BuOH; (b) with MeOH, EtOH and 2-PrOH. Conditions: [Cr(VI)]0

= 0.30 mM, pH 2 (HClO4),  T = 30 °C, reactor open to air. Dotted
lines are only for a better visualization of  points and do not
correspond to any fitting model.

where kH2O2 is the kinetic constant. As indicated in Section 
2.2.2, a value of 1.1 μM min−1 was obtained.

The mineralization of all organic compounds measured by
TOC was  negligible  (<  2%,  standard  error  around  5%).
Cr(III) formation was proved in the case of the experiments
with EDTA and Cit, as shown by the bands in the range
540–580 nm in the spectra of the final solution, i.e., when
almost complete Cr(VI) reduction was reached (Fig. 2). The
concentration  of  Cr(III)-EDTA was  estimated as  0.16 mM
using  ε540 = 140 M−1 cm−1 [29] while that of Cr(III)-Cit
was 0.14 mM using ε575 = 45 M−1 cm−1 [33]; in both
cases, around half of the reduced Cr
(VI)  ended  in  complexed  Cr(III).  The  spectrum  of  the
experiment  without additives (not included) was almost
identical to that with FA,  and no Cr(III) could be detected
after 180 min of reaction in both ex- periments, but this
could be ascribed to the small ε575 of Cr(III) when  not
complexed (13 M−1 cm−1) [34].

The change in the spectrum of the Cr(VI) solution in the
presence of Cit during a sonochemical experiment is included
in  Appendix  A (Section S6, Fig. S4).  Fig. S4  clearly indicates
the decrease of the Cr(VI) band at 360 nm of chromate in
solution (e.g., [35]).

For the EDTA and Cit systems, the degradation products
were analyzed by IC at final times under different conditions.
FA, acetic acid (AA), nitrate and nitrite (from EDTA) were the
only products detected. Table 2 indicates the concentrations.

In the case of PhOH, the HPLC analysis indicated a final PhOH

Table 1
Zero order rate constants (k0) for the Cr(VI) decay extracted from Fig. 1(a), initial zero order rate constants (k0,i) (up to 15 min) from Fig. S1(b) and
percentage of Cr
(VI) decay at 180 min taken from both Fig. 1(a) and (b). PV is the vapor pressure at 25 °C of the compounds calculated from the Henry
constants in water [32] at the used concentration and of water for the reaction without additives, and with EDTA, Cit, PhOH and SLS. Hcp is
the Henry constant of the compounds in water at 25 °C [32].

Sample k0 (M min−1)× 107 % Cr(VI) decay at 180 min PV (kPa) [30,32] Hcp (mol L−1 kPa−1) 
[32]

No additivea 6.9 40 3.2 –
SLS (1 mM) 1.8 18 3.2 –
MeOH (0.1 M) 10.5c 38 5.0 × 10−2b 2.0
EtOH (0.1 M) 15.3c 32 5.3 × 10−2b 1.9
2-PrOH (0.1 M) 11.4c 38 7.7 × 10−2b 1.3
FA (10 mM) 8.4 48 1.1 × 10−4b 88

t-BuOH (0.1 M) 10.1 61 1.4 × 10−1b 0.69
PhOH (2 mM) 15.3 71 3.2 28
Cit (2 mM) 16.5 94 3.2 3 × 1016

EDTA (1 mM) 27 100d 3.2 –

a H2O with perchlorate at pH 2.



b Calculated from the Henry constant [32].
c Initial zero order rate constants (k0,i) (up to 15 min).
d Estimated (96% at 120 min).
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Fig. 2. UV–Vis spectra of the solutions obtained at the beginning of the
run with FA and at end of the runs of  Fig. 1(a) for EDTA, Cit and FA.
Inset: spectra in the 250–500 nm range.

Table 2
Quantification of products found at the end of the sonochemical
transformation of Cr(VI) in the presence of EDTA and Cit with the
reactor open to air, and with  Cit under Ar and air bubbling.
Conditions: [Cr(VI)]0 = 0.30 mM, [Cit] = 2 mM or [EDTA] = 1
mM,  pH 2  (HClO4),  T  =  30  °C,  bubbling  flow rate  =  0  (no
bubbling, reactor open to air) or 0.5 L min−1 (Ar or air bubbling).

Fig.  3.  Temporal  profile  of  normalized  Cr(VI)  concentration
([Cr(VI)]/([Cr  (VI)]0) during the sonochemical experiments of
Cr(VI) in the presence of Cit under different atmospheres: open
to air (no bubbling), Ar ([O2]  <  0.1 mg L−1)     or     air     ([O2]
= 8.2 mg L−1,     constant)     bubbling.  Conditions: [Cr(VI)]0 =
0.30 mM, [Cit] = 2 mM, pH 2 (HClO4), T = 30 °C,
bubbling flow rate = 0 (no bubbling) or 0.5 L min−1 for the reactor
open to air. Dotted lines are only for a better visualization of points
and do not correspond to any fitting model.

Additive/reaction time [FA]
(µM) [AA]

(µM)
[NO3

−] (µM)      [NO  −] 
(µM) 4. Discussion

EDTA/120 min open 
to air 167 113 85 2

Ultrasound irradiation (15 kHz–1 MHz) in water produces 
acoustic

Cit/180 min open to air 35 22 94 ND cavitation microbubbles of gas that nucleate, grow and implode 
in ex-

Cit/180 min/Ar
bubbling

Cit/180 min/air
bubbling

31 15 ND ND

37 28 40 ND

tremely small intervals of time (100 ns), the gas reaching very
high local  temperatures  and   pressures   (4.000–10.000 K
and   1.000–10.000 bars), and releasing localized large
quantities of energy

                                                                                                        in “hot spots” within the liquid. In Appendix A, the most 
relevant re-
ND: not detected.

concentration  of  1.75  mM  (82.5%  degradation),  without
detection  of  catechol  or  hydroquinone;  small  amounts  of
benzoquinone  (not  quan-  tified)  and  another  unidentified
aromatic product were identified.

Neither perchlorate ([ClO −] ≈ 10 mM) transformation
nor the presence of its possible reduction byproducts (i.e.,
chlorate, chlorite, hypochlorite and chloride) was detected.

The effect of the working atmosphere and of the
concentration of  dissolved O2 on the Cr(VI)  decay in the
presence of Cit was studied using either Ar ([O2]  <  0.1 mg
L−1) and air ([O2] = 8.2 mg L−1, con- stant)  bubbling
(flow  rate = 0.5 L min−1).  The  results  are  shown  in Fig.
3.

As can be observed, the reduction of Cr(VI) under Ar
bubbling fol- lows a zero-order rate that is almost identical
to the one obtained with the       reaction       open       to
air       (15.6 × 10−7 M min−1       vs.
16.5 × 10−7 M min−1,  respectively).  Under  air  bubbling,
Cr(VI)  evo- lution up to 180 min also follows a zero-order
rate, but the calculated  rate  (9 × 10−7 M min−1)  is
almost  half  the  rate  obtained  without bubbling;
interestingly, between 180 min and 270 min, the air
bubbling was stopped, the reactor was left open to air, and
an increase of the rate  was  observed  (12.6 × 10−7 M
min−1),  indicating  that  the  bubbling affected the
generation of reactive species. Indeed, the HO% generation
yields obtained by KI dosimetry under air and Ar bubbling
were 7.4 and
4.9 × 10−10 mol J−1, respectively, i.e., lower values than
that obtained without bubbling (9.9 × 10−10 mol J−1).
These results are unexpected, as an increase in the HO%

generation yield is always reported both at the higher [O2]
under  air  bubbling,  and  when  using  Ar  bubbling.  As ex-
pected, nitrate was not detected in the experiment
performed under Ar  bubbling,  and  a  decrease  in  the
concentration of nitrate formed after 180 min was observed
in the experiment under air bubbling (Table 2).



actions  taking  place  in  these  processes  are  presented,
together with some of the corresponding references. During
a cavitation event,  three  different sites exist for chemical
reaction  [17,36].  First,  the  interior  of  the  collapsing  gas
bubbles,  where pyrolysis  reactions  in  the gas  phase  take
place with the production of hydroxyl radicals (HO%) and
hydrogen  atoms  (H%)  from  water  (Eq.  (S1)).  Volatile
compounds will be in- corporated in this phase and undergo
thermolysis,  yielding radicals which recombine, react with
other gaseous species in the cavity,  or  diffuse out of the
bubble into the bulk  fluid medium, where they react with
dissolved  molecules.  Molecular  hydrogen  and  H2O2 are
produced (Eqs. (S2) and (S3)). Thermal gas-phase reactions
of volatile  substances also take place. In the presence of
oxygen  or  air,  atomic  oxygen  (O%)  is  produced  by  a
sonolytic primary process (Eq. (S4)), leading to addi- tional
HO% (Eq. (S5)). Other pathways can contribute to H2O2

formation (e.g.,  Eqs. (S7)–(S10)). The second region is the
interfacial region  be-  tween the gas bubbles and the bulk
solution,  with  relatively  lower  temperatures  but  still  high
enough  to  induce  radical  thermal  reactions  from
accumulated nonvolatile hydrophobic solutes and
surfactants. The  interface  is  characterized  by  elevated
temperatures and high HO% concentration (around 10−2 M
[22]). Therefore, H2O2 can be produced either  in the gas
phase or in the interface, migrating out to the bulk solution
[18,37]. Reaction (S11), attributed to the reaction of hot H%

with gaseous water, increases the amount of HO%.
Sonochemistry in the  presence  of  O2 is  frequency
dependent:  molecular  oxygen  splitting  is  favored  at  high
frequency ultrasound while scavenging of H% with O2 occurs
at  low  frequency  [38].  However,  in  any  case,  in  the
presence  of  O2,  H% is  rapidly converted into hydroperoxyl
radicals (HO2

%,  Eq. (S6)), making negligible H2 production.
The third region is the bulk solution, to where the radicals
produced in the bubbles and in the interface (mainly HO%

and  H%)  escape  and  undergo  scavenging  reactions  with
other solutes  [37,39]. Secondary reactions leading to H2O2

formation can take place in the liquid phase [40]. Water
soluble substances will



HO

remain in this aqueous phase, and oxidative degradation will
proceed via species produced in the other two regions, such
as  HO% and  H2O2 that  migrate  out  into  the  bulk  solution.
Recent  works  have  proved  that  nonequilibrium  plasma
conditions exists in the collapsing bubbles, with the  formation
of  other  reactive  species  such  as  O2

+  and  excited  HO%

[19,41,42].
In air (N2 + O2), N2 can react with O, giving NO and N%

(Eq. S13)
and N% can also be formed by a sonolytic primary process (Eq.
(S14)).  However,  Eq.  (S14)  would  be  a  minor  reaction
compared with  Eq. (S4), taking into account the lower bond
energy of the O2 double bond compared with that of the N2

triple bond [43]. Reactions described by Eqs.  (S13)–(S18) will
lead to HNO3, HNO2 and other nitrogenated compounds.

Eqs.  (S1)–(S18)  describe  the  reactions  taking  place  in
sonochemical  aqueous  systems  in  the  absence  of  other
chemical species. When or- ganic additives are present in the
system, secondary radicals can  be formed by direct thermal
decomposition in the interfacial region or  in the cavities (Eq.
(2)),  and  other  secondary  radicals  (R%)  can  be  formed  by
reaction with  HO% or  H% (in  deoxygenated  media)  (Eq.  (3))
[9,18,39,44–46]. Some of these radicals are reductants able to
accel- erate reductive processes.

RH + H2O →pyrolysis radicals (2)

RH + HO% (H%) →R% + H2O (H2) (3)

Thus, Cr(VI) reduction could take place through the
following steps:

1) reduction by H% or H2, 2) reduction by H2O2 generated in
Eqs.  (S3) and (S7)–(S10),  3)  reduction by pyrolysis  radicals
formed by Eq. (2), 4) reduction by R% formed through Eq. (3).
Except  when  Ar  was  bubbled,  oxygen  was  present  in  all
experiments  during  the  whole  run  (Fig.  S2);  therefore, all
processes involving H% will be negligible. The formation of the
highly  reducing  hydrated  electrons  can  be  discarded  in
sonochem- ical systems at acid pH [17,44]. It is important to
remark  that  the  thermal  reduction  of  Cr(VI)  either  in  the
absence  or  in  the  presence  of  the  additives  (control
experiments)  is  negligible,  indicating  that  Cr(VI)  can  be
reduced only under ultrasound irradiation.

The homogeneous chemistry between Cr(VI) and H2O2 in
water  is  complex  and  involves  different  reactions  (ligand
exchange,  proton  transfer,  oligomerization,  and  redox
processes)  [47]. The global reac- tion in acid/neutral media
can be formulated as follows:

concentration as those used here; thus, the present system
seems to use more efficiently H2O2 as Cr(VI) reductant. As the
Cr(VI) reduction rate is constant throughout the experiment, it
was  concluded  that  the  de-  crease  in  O2 concentration
revealed by Fig. S2 does not influence the generation rate of
H2O2.

When  organic  compounds  are  added  to  the  sonolytic
system,  they may react through Eqs.  (2) and (3), originating
radicals able to trans- form Cr(VI) into Cr(V), Cr(IV) and the
final stable Cr(III) product plus oxidation products (Rox).

Cr(VI)/(V)/(IV) + R% →Cr(V)/(IV)/(III) + Rox (6)

In fact, the generation of secondary reducing radicals was
used  to  explain  the  accelerating  effect  of  ethanol  in  the
sonochemical synthesis of Cr2O3 from ammonium dichromate
[16].  A  similar  process  was  proposed  for  the  sonochemical
formation of gold particles from Au(III) reduction [7,46] and in
the sonolytic reduction of MnO2 [52–54].

As said before, it is highly probable that reduction of Cr(VI)
ions takes place at the interface or in solution; the carboxylic
acids and PhOH will react in solution, while the alcohols will
be enriched in the bubble vapor,  and will  react  in  the gas
phase. SLS can be expected to concentrate in the interface,
with the alkyl moiety in the gas phase. Therefore, it can be
proposed that the experiments with the organic compounds
will  obey  to  different  kinetic  behaviors,  depending  on  the
phase  where  the  reaction  of  the  additive  takes  place.  A
similar  ex-  planation  was  given  to  explain  the  different
reactivity of volatile,  low- volatility  compounds and charged
non-volatile water soluble species [55,56].

First, non-volatile water soluble substances like EDTA and
Cit,  which  do  not  partition  to  the  vapor  phase  or  to  the
interface, will re- main in the aqueous phase. Degradation of
these  compounds  will  pro-  ceed  via  oxidative  species
produced at  the cavitation  bubble,  such  as  HO%,  which will
migrate  out  into  bulk  solution  [18,37],  generating reducing
radicals [55]. The presence of these carboxylic acids such as
EDTA and Cit, as in photocatalytic systems [26–29], improves
the rate and efficiency of the Cr(VI) removal, as it can be seen
in  Fig.  1(a).  Moreover, their presence would inhibit the
detrimental Cr(V)/(IV)/(III) reoxidation by oxidative species like
HO%, which will attack pre- ferentially these species (present
at high concentrations). In fact, it has been found that Cr(III)-
EDTA complexes  oxidize  very  slowly  under  ul-  trasound to
Cr(VI) [56]. This includes the scavenging of HO% formed

2 HCrO − + 3 H O + 8 H+ →2Cr3+ + 8 H  O + 3 O (4) during the transformation of Cr(V) by Eq. (5). Although an 
inhibiting

4 2 2 2 2
scavenging of reducing radicals R% will take place when O2 is 
present

In Appendix A, the mechanistic pathways leading to
Cr(III) forma- tion by H2O2 are indicated, together with the
corresponding references (Eqs. (S26)–(S33)). Briefly, at pH
<  4  [48],  this  reaction  involves  the  formation of a
monoperoxochromium(VI) complex (Eq. (S26)), the rate
limiting step, followed by reactions with H2O2 with
formation of Cr(V) peroxo- and oxocomplexes ending in the
transformation of the tetra- peroxocomplex  [CrV(O2)4]3−  to
Cr(III)  (Eq.  (S33)).  The  concentration of these Cr(VI) and
Cr(V) compounds in the present work was always very low,
as the band at λ > 500 nm of diperoxo Cr(VI) and peroxo
Cr
(V)  compounds  under  acidic  conditions  [47,49]  was  never
detected (see
Fig.  2).  Reactions  of  Cr(V)  chemical  species  like[CrV(O2)4]3−  with

(Eq. (7)), the intermediate peroxy species can still be 
expected to be able to reduce Cr(VI) [72].

R% + O2 →ROO% (7)

The higher rate of reaction of EDTA with HO% compared
with that of  Cit (k    % = 4.0 × 108 vs. 5.0 × 107 M−1

s−1 [57])1 would explain the  higher  Cr(VI)  decay in  the
case of  the former.  Additionally,  Cit  and  EDTA and their
degradation products greatly stabilize Cr(V) species  (e.g.,
the monoperoxochromate(V)) by complexation, as already
proven  by the group in previous works [26,27], and
enhance its decomposition

H2O

2
have also the ability of generating HO% in a Fenton type 
reaction

to  Cr(III)  [58,59].  Although  no  mineralization  of  the  
compounds is
observed  from TOC  results,  similarly to  that observed  by Frim
et al.

([49,50] and references therein), giving a cyclic generation of 
Cr(VI)/Cr
(V) and additional HO%:

Cr(V) + H2O2 →Cr(VI) + HO% + OH−

(5)

According to Eq. (4), the Cr(VI) reduction rate in the
absence of additives must be 2/3 the H2O2 generation rate in
the absence of Cr(VI)  (1.1 µM min−1, Section 2.2.2), i.e.,
0.75 µM min−1, in close agreement with  the  Cr(VI)  reduction



rate  of  0.69 µM min−1,  determined  from Table 1 and
[Cr(VI)]0 = 0.3 mM; the difference can be ascribed to Cr
(VI)-mediated peroxide disproportionation [47]. It has been
reported
[51] that a high H2O2 excess ([H2O2] > 10 × [Cr(VI)]) is
required to achieve complete Cr(VI) thermal reduction under
similar pH and Cr(VI)

[55]  (who attributed the lack of EDTA mineralization to the
presence  of  Cr(III)),  the  detection  of  FA  and  AA  in  the
experiments with Cit and EDTA (Table 2) indicates that these
compounds are degraded to inter- mediates, most probably
by HO% attack. As said before, in air, HNO2, HNO3 and other
nitrogenated products can be formed  (Eqs.  (S13)–(S18)).  As
indicated above, in the experiments with Cit and EDTA, nitrate
is formed at a concentration lower than 100 µM, while

1 Although HO% may be formed in a different phase than the scavenger, the
rate con- stants  of  reaction with HO% to  be considered here will  be,  as an
approximation,  those  known  from homogeneous  processes  (e.g.,  radiation
chemical studies).
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traces of nitrite (2 µM) were also detected in the experiment
with EDTA.  In  this  last  case,  nitrogen species  can arise not
only from N2 but also from EDTA degradation.

The sonochemical  PhOH degradation is  proposed to take
place also in the aqueous phase by HO%, because PhOH is a
hydrophilic substance with low vapor pressure (Table 1), not
diffusing to a significant extent into the cavitation bubble and,
consequently,  presenting  negligible  pyrolytic  degradation
(e.g.,  [60]).  It  has  been  established  that  the  de-  gradation
occurs mainly in the bulk solution [61]. In our experiments, no
PhOH  mineralization  was  measured  even  after  180  min  of
reaction, and benzoquinone and other non-identified aromatic
compound were the only compounds detected after analysis.
PhOH  was  the  most  effi-  cient  non-complexing  additive
studied, and this can be related with the

decay.  However,  FA  is  indicated  as  a  very  inefficient
scavenger  in  so-  nochemical  reactions,  because  it  is  not
readily accumulated in the in- terfacial region, having a low
hydrophobicity  [18,69].  FA  does  not  in-  hibit  (or  to  a  low
extent) H2O2 formation at the concentrations used here and
its decomposition in sonolytic  systems into radicals plays  a
minor role, the main reactions being thermal dehydration and
dec- arboxylation. However, and in contrast to the system in
the  absence  of  additives,  FA  would  still  scavenge  HO%

avoiding  Cr(V)/(IV)/(III)  reox-  idation  and  generating  at  the
same time the strong reducing carboxyl  radical (%CO  −, E0

= −1.9 V) [70], which enhances Cr(VI) reduction:
HCOOH + HO% →%CO  − + H  O + H+ (8)

primary by-products formed, catechol and hydroquinone (not detected 2 2

in our experiments), which can directly reduce Cr(VI) by a fast
thermal reaction at low pH [62,63].

On the other hand, as said before, volatile substances that
enter  into  the cavitation bubble will mainly undergo
thermolysis. As it can be seen  in  Fig.  1(b),  alcohols do not
accelerate very much Cr(VI) reduction in comparison with the
system in the absence of additives, and a deviation from the
zero order kinetic regime followed by the carboxylic acids and
PhOH takes place at around 15 min (except for t-BuOH). This
can  be  explained by volatilization of the alcohols in the gas
phase;  this  vola-  tilization  cannot  be  noticed  from  TOC
evaluation,  as  the  alcohols  are  degraded  to  organic
intermediates (e.g., formaldehyde or FA in the case of MeOH).
To explain the different reactivities of alcohols, it is possible to
follow the aspects suggested some years ago concerning the
hydro-  phobicity order, MeOH  < EtOH  < 2-PrOH  < t-BuOH
[18,39,64],  and  the  surface  excess  at  the  vapor-liquid
interface [45,52], that par-allel roughly the order indicated in
Table 1 for the initial rates, vapor pressure and percentage of
Cr(VI)  conversion  at  180  min.  The  more  hydrophobic  the
alcohol, the more it will accumulate at the gas/water interface
[45].  Thus,  we prefer  to associate the rates  with  the  vapor
pressures, listed in Table 1 (water being the main component
of the gas phase). Although the values of the vapor pressure
in this Table are given at 25 °C, it is possible to assume the
same trend at higher tem-peratures due to similar vaporization
enthalpies (around 35–40 kJ mol−1) [30]. It must be pointed
out also that, at higher vapor pressures, the cavitation process
is less energetic, dampening the ca-vitation impact [17],
forming  thus less reactive species. Reaction of HO% with the
alcohols at cavitation sites competes with  Eq. (S3), re-ducing
H2O2 production  [40,65];  this  can decrease the rate of Cr(VI)
decay. It can be proposed that the Cr(VI)
reduction observed in these cases proceeds more probably by
the very well-known strong reducing  α-hydroxyalkyl  radicals
produced  by  HO% attack  to  the  alcohols,  having  redox
potentials [66] enough to reduce Cr(VI) up to Cr(III). According
to Okitsu  et  al.  [54],  at  high concentration of  the alcohols,
Cr(VI)  re-duction  is  more  probably  produced  by  reducing
radicals.

Interestingly,  the  reaction  of  t-BuOH with  HO% does  not
produce a reducing radical; however, it is the most efficient of
the alcohols  here  studied, giving a linear kinetics and being
included in  Fig. 1(a). It  has  been reported that although the
sonolytic  t-BuOH degradation takes place mainly by pyrolysis
in the cavitation bubble due to its high vapor pressure (Table
1), it produces CO [65,67], which would diffuse into the liquid
phase where it can reduce Cr(VI) while being transformed into
CO2, as reported in a different system [68]. Pyrolysis would be
a minor mechanism in the case of the other alcohols because
of their lower vapor  pressure (Table 1).  It  has  to  be added
that, according to Sostaric et al.  [52], at least in the case of
MnO2 reduction,  the  efficacy can  be directly  related  to  the
Gibbs  surface  excess  concentration  of  the  alcohol  at  the
air/water  interface,  irrespective  of  the  bulk  solution
concentration or type of alcohol.

As  the  vapor  pressure  of  FA  is  lower  than  those of  the
alcohols  (Table  1),  the  contribution  of  pyrolysis  could  be
neglected  [18],  and  the  suggested  deviation  of  the  linear
kinetics by vaporization would be rather small; this allows its

inclusion in Fig. 1(a), with a linear Cr(VI)
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Additionally,  no complexes  of  FA with  Cr(V)  and Cr(IV)
have  been  reported,  in  contrast  to  EDTA or  Cit,  and  the
favorable  stabilization  of  Cr(V)  is  not  possible  with  this
organic acid.

Non-volatile  hydrophobic  compounds  and  surfactants,
while  not  passing  into  the  vapor  phase,  partition  to  the
interface.  As  observed  for  other  surfactants,  SLS  can  be
expected  to  concentrate  in  the  interface,  with  the  alkyl
moiety in the gas phase and, thus, exposed to both pyrolysis
and reaction with HO% [71]. The alkyl radical formed after
HO% attack to SLS would probably be a secondary carbon
radical (–C%H–), with minor amounts of primary carbon and
methyl radicals  [72], all of them non-reducing radicals that
would decay by other mechanisms [72]. On the other hand,
SLS would greatly inhibit H2O2 formation by Eq. (S3), as HO%

would be efficiently captured by the high concentration of
this  compound  in  the  same  place  where  their  re-
combination takes place  [36]. These effects would cause a
net  decrease  on  Cr(VI)  reduction  rate,  as  is  clearly
appreciated in  Fig. 1(a). Although H2O2 can still  be formed
according to Eqs. (S7)–(S10), and considering reactions (S7)
and  (S8)  to  be  the  most  relevant,  the  rate  of  H2O2 for-
mation  can  be  calculated  as  0.3 µmol L−1 min−1,  i.e.,
half  the  rate  of H%/HO2

% formation  (0.6 µmol L−1 min−1,
see Appendix  A).  This  H2O2 generation rate is equivalent to
a Cr(VI) reduction rate of
0.2 µmol L−1 min−1 according to Eq. (4), almost identical
to the Cr(VI) reduction rate with SLS (0.18 µM min−1,
determined from Table 1 and [Cr(VI)]0 = 0.3 mM). A
analogous inhibitory effect by a structurally  similar
surfactant (sodium dodecyl sulfate) has been reported in
the degradation of an organic contaminant [73].

From the analysis of the results included in Fig. 3, it can
be  con-  cluded  that  the  bubbling  system  used  causes  a
decrease in the reactor performance; indeed, once the air
flow was stopped, an increase in  the  Cr(VI) reduction rate
was observed. This is in contrast to the results obtained by
Pflieger et al.  [38]  and references therein,  where the stir-
ring and the gas flow increase the reactor performance due
to a  more  homogeneous distribution of the bubbles in the
reactive volume (al-  though a four times lower ratio of gas
flow over treated volume was used). The decrease in the HO
% generation yield  under air  confirms this  lower  efficiency
due to the bubbling, as in the literature an increase in the
HO% and/or H2O2 generation yield is usually observed when
in- creasing [O2]  [21,37,43], except when noble gases are
used;  however,  even  under  those  conditions,  the
combination O2/Ar increases  H2O2 generation yield  [38,74].
Under Ar, the Cr(VI) reduction rate is almost equal to that
obtained with the reactor open to air; however, as the HO%

generation yield is decreased 50% under Ar, it is clear that
other species  such  as  H% and/or  H2 [7,61,74] are
contributing  to  Cr(VI)  reduction.  Finally,  Table  2  indicates
that a decrease in the concentration of nitrate produced is
also  observed  under  air  bubbling;  this  reinforces  the  as-
sumption that the main effect of the bubbling is a decrease
in  the  generation  rate  of  reactive  species  and  not  the
generation of  other species that might compete with Cr(VI)
for the generated H2O2 (e.g. nitrite, by its oxidation to nitrate
by H2O2 [75]).

An additional remark is that perchlorate ([ClO −] ≈ 10
mM) could

compete  with  Cr(VI)  for  the  reducing  radicals  generated
during  the  reaction;  however,  as  said,  no  perchlorate
transformation  or  the  pre-  sence of  its  possible  reduction
byproducts was detected, indicating that



perchlorate is inert in the studied system, as observed in a
previous work [76].

5. Conclusions

Sonolysis  is  a  viable  technology  for  Cr(VI)  treatment,
especially  in  the presence of EDTA and Cit, compounds
usually found together with  Cr(VI)  in  several  effluents.
Reactions  with  the  reactor  open  to  air  in-  dicate  that  no
especial precautions to avoid oxygen in the system have to
be taken.

The Cr(VI) conversion increased in the order SLS  <
no additive ≅ MeOH ≅ EtOH ≅ 2-PrOH < FA < t-BuOH
< PhOH < Cit
<  EDTA. The Cr(VI)  decay was dependent on the chemical
nature of
the  additive,  the  place  where  these compounds  react  with
reactive  species  (HO%)  or  decompose  by  pyrolysis  being
relevant  to  explain  the  different  efficiencies.  A  mechanism
involving the action of H2O2 gen- erated by several steps and
the reducing radicals of the additive, leading to Cr(V), Cr(IV)
and  Cr(III),  are  proposed.  The  role  of  EDTA  and  Cit  in
stabilizing  intermediate  Cr(V)  peroxo  compounds  and
enhancing  their  direct transformation into different Cr(III)
species was discussed, and is considered to be a major factor
in the acceleration of Cr(VI) conversion processes.

Although  Cit  and  EDTA seem to  be  the  most  promising
additives,

their  Cr(III)  complexes  should  be  removed  before  the
discharge of  the  treated effluent, as trace amounts of H2O2

can  reoxidize  these  com-  plexes  to  Cr(VI)  under  neutral
conditions,  although  at  lower  rates  than  inorganic  Cr(III)
[56,77].  Comparing  both  compounds,  Cit  would  be  more
convenient  than  EDTA  as  its  Cr(III)  complex  is  oxidized  to
Cr(VI)  by  H2O2 300  times  slower  than  Cr(III)-EDTA  [77].
Additionally,  Cit  is  an  environmentally  friendly  compound
[56].
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