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Room temperature liquid metals are an emerging class of materials
for a variety of heterogeneous catalytic reactions. In this work we
explore the use of Ga based liquid metals as a sonochemical
catalyst for the degradation of organic azo dyes such as methyl
orange, congo red and eriochrome black T. Rapid degradation to
non toxic solid carbon particles was achieved over a large dye
concentration range to produce differently sized particles via both
bath and probe sonication which could be repeated multiple times
with the same catalyst.

Tremendous effort has been channelled recently towards the
exploration of post-transition liquid metal alloys including
Field’s metal, Rose’s metal, Wood’s metal and non-toxic
room-temperature gallium-based liquid metals due to their
relatively low-melting-point and distinctive physical and
chemical properties.” In particular liquid Ga has attracted
increasing attention in the field of actuators, gas sensors, fuel
cells, biomedical applications, electromechanical systems, and
catalysis.” A key aspect for catalysis is the preparation of micro/
nanosized droplets via ultrasonication to increase the surface
area available for reaction. The majority of studies have focused
on using sonication to produce monodisperse particle/droplet
size either by changing the method of sonication, ie. bath
sonicator versus probe sonicator, introducing capping agents to
prevent agglomeration or changing the solvent and its tem-
perature in which the particles/droplets are dispersed.’> How-
ever little attention has been paid towards investigating
chemical reactions that may be accessible during sonication.
Given the reactive environment created during sonication
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which induces cavitation and localised regions of high tem-
perature and pressure it presents an opportunity to investigate
the degradation of harmful pollutants using liquid metals as
potential sonocatalysts.

Organic pollutant degradation is of interest because the
continuous discharge of industrial dye effluents into terrestrial
bodies has altered the ecosystem.” The textile industry widely
uses azo synthetic dyes, and their waste disposal poses both
environmental and socio-economic challenges.*®> These pig-
ments are known to be non-biodegradable, xenobiotic, toxic
and carcinogenic, causing adverse environmental and health
problems.*®® Azo dyes are recalcitrant to conventional aerobic
(biological) processes, and commonly used physical/chemical
treatment methods are often neither cost-effective nor
eco-friendly,®”” producing toxic by-products.®

Ultrasonication has been used to degrade organic species in
solution in the presence of metallic or semiconducting particles
that can induce the formation of reactive oxygen species such
as hydroxide/superoxide radicals that can degrade organic
molecules.” Examples include zero valent iron that utilises
the Fenton process to generate hydroxide radicals,'® or ZnO
nanomaterials under both illumination and sonication.'
However degradation in the dark is required as illuminating
reactors at scale is problematic. Examples of sonochemical dye
degradation in the dark are Fe-doped TiO, nanoparticles,"” or
Pd nanoparticles immobilised on carbon nanodots'® which
showed discolouration of the solution but no analysis of the
by-products. For industrial wastewater treatment the complete
destruction of organic species is preferred, yet the long term
and immediate toxic impact of dye degradation products on
living organisms are not fully understood.** Herein, we inves-
tigated the degradation of a series of azo dyes via ultrasonica-
tion in the presence of liquid metal Galinstan (GaInSn) and Ga
under dark conditions which ultimately creates solid carbonac-
eous deposits.

The process is simple whereby a liquid metal drop is
immersed into a vial containing the dye solution and sonicated
either in a bath or via a probe sonicator. Upon sonication the
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Scheme 1 Simplified representation of the degradation of azo-dye to
carbon particles.

liquid metal disperses into micro/nanodroplets which has been
extensively reported in aqueous solution.3#o®1% A diagram
illustrating the process is shown in Scheme 1. In this work a
series of water-soluble azo dyes, characterised by a central
N=—N bond, were investigated including methyl orange (MO),
congo red (CR) and eriochrome black T (EB), the chemical
structures of which are illustrated in Fig. S1 (ESIt). The initial
liquid metal used in this work was Galinstan (68.5% Ga, 21.5%
In and 10.0% Sn) due to the wide temperature range at which it
is liquid.

Fig. 1 shows a digital image of the initial 12.4 mg L*
solution of MO, as well as a typical solution after 1 h bath
sonication in the presence of the liquid metal when the
solution was allowed to settle for removal of the liquid metal
droplets. This data shows the effectiveness of the process to
discolour the solution and as discussed later to degrade the dye
to form carbonaceous products. The MO system was then
investigated in detail and is discussed here. During optimisa-
tion of the process, it was found that sonicating MO in
deionised water made the recovery of galinstan more involved
and required centrifugation to remove all the droplets. There-
fore, the solution was acidified to prevent extensive surface
oxide formation on the liquid metal droplets. This enabled the
liquid metal droplets to coalesce into a large liquid metal
droplet that was easy to remove from solution and allowed
the process to be repeated. To ensure the process could be
followed by UV-vis spectroscopy the concentration of dye used
was 12.4 mg L' and is shown in Fig. 1b. A large absorbance
peak at 464 nm with a smaller peak at 272 nm are due to MO as
seen for the initial solution (S1;). These peaks shift to slightly
longer wavelength (of 481 nm and 276 nm) when the solution is
acidified (S2;) which is typical for this dye. After the first
sonication cycle these peaks completely disappear for both
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Fig. 1 (a) Digital images of (i) 12.4 mg L™t MO and (ii) representative image
of the supernatant obtained after sonication degradation, (b) UV-Vis
spectra of 12.4 mg L™* MO (S1), 12.4 mg L=* MO in acidic solution (S2;)
and after liquid metal sonication degradation (S2¢) for runs 1-4 and
(c) UV-vis spectra recorded as a function of sonication time and type of
sonication (probe sonication — purple line).
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for the MO/deionised H,O solution (S1f) and the acidified
solution (S2¢) where the latter showed a degradation efficiency
of 99%. Due to the ease of recovery of the liquid metal in the
acidified solution, further cycles were undertaken and it can be
seen from the UV-vis spectra (Fig. 1b) that high degradation
efficiency was maintained of up to 98% for 4 runs. The effect of
sonication time was then investigated where it was found that
complete degradation occurred after 30 min. To further reduce
the time a probe sonicator was used where degradation
occurred after 10 min (Fig. 1c). The catalyst was then analysed
after multiple runs and the XRD pattern did indicate that
some GaOOH had formed during the course of the reaction
(Fig. S2, ESIT) but was still active for dye degradation when re-used.

Previous work has shown that degradation of MO occurs via
cleavage of the N—N bond which results in decolourisation
leading to the formation of other organic species in solution
such as N,N-dimethyl-p-phenylenediamine (DMPD) and
4-aminobenzenesulfonate (structures are shown in Fig. S3,
ESIt)."® To check for such degradation products, FTIR and
high performance liquid chromatography (HPLC) were per-
formed. The FTIR spectrum of an evaporated solution
(Fig. 2a) is largely featureless and does not show any evidence
of MO. HPLC of the solution was then undertaken and the
chromatogram (Fig. 2b) does not show evidence of MO but one
peak occurs at a 5 min retention time. Further analysis with
LC-MS (Fig. S4, ESIT) indicated some 4-aminobenzenesulfonate
formed and explains the peak at 254 nm in Fig. 1b.

To understand the catalytic mechanism, scavenging experi-
ments were carried out as it is established that sonication
results in the formation of radical species that can degrade
organic molecules. Ethanol, ethylenediaminetetraacetic acid
(EDTA) and p-benzoquinone (BQ) were used as scavengers to
probe the formation of hydroxyl radicals (*OH), holes (h*) and
superoxide radicals (0,"”), respectively."®> The only major
decrease observed in sonocatalytic activity was with 1,4 benzo-
quinone, which indicates that superoxide radicals are the main
reactive species (Fig. 2c). The creation of these radicals would
result in cleavage of the azo linkage (-N—N-) and therefore
decolorization occurs as shown by the UV-vis spectra.

This method was also tested for other azo dyes including
congo red and eriochrome black T where the UV-vis spectra of
the solutions before and after sonication are shown in Fig. 3a
and b, respectively. The data shows the complete degradation
of the dye under the same conditions, ie. a slightly acidic
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Fig. 2 (a) FTIR analysis of MO (S1;) and dried supernatant (Sl after
sonication, (b) HPLC analysis of MO and final supernatant solution (S2)
and (c) plot demonstrating the influence of scavengers on the sonocata-
lytic degradation percentage for MO.
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Fig. 3 UV-vis spectra of (a) eriochrome black T, (b) congo red before and
after sonication with liquid metal galinstan and (c) UV-vis spectrum of MO
before and after sonication with liquid Ga.

solution sonicated for 30 min. The liquid metal was also
changed to Ga only and the temperature increased slightly to
30 °C so that Ga was liquid to begin with before sonication.
This also resulted in rapid dye degradation (Fig. 3c and Fig. S5, ESIt)
with a similar performance to liquid Galinstan and therefore
the mechanism is not dependent on the presence of In and Sn in
the liquid metal.

However, with time it was noticed that some black particles
precipitated to the bottom of the reaction vial. Raman spectro-
scopy (Fig. 4b) was carried out which shows two peaks at 1322
and 1568 cm ™" indicating the presence of carbon which corre-
spond to the D and G bands, respectively. The Ip/I; ratio was
determined to be 0.61 (Table S1, ESIt) which indicates that the
material has some graphitic character. The sample was exam-
ined by FTIR spectroscopy (Fig. 4c) where the bands in the
range of ~945 cm ' and 1013 cm ' are related to C-O
stretching vibrations, and in the range of ~1121 em™" and
1166 cm ™! are related to C-O epoxy deformation and stretching
vibration of sp> hybridized carbon atoms (C=C), respectively.'®
The bands at ~1518 cm™ " and 1604 cm ™' originate from the
COOH and C=0 edge functional groups. The presence of weak
bands at ~2804 cm ™%, 2912 cm ™, and 3230 cm ™" are ascribed
to the stretching vibrations of 0—=C=0 and C-H modes."®**
Therefore, when considering the Raman and FTIR data it
indicates that there is a significant amount of carbon present
in the black deposit which contain oxygen functional groups on
the surface. XPS spectra of the material are shown in Fig. 4a.
The C 1s core level spectrum shows contributions at 284.6,
285.7 and 287.7 eV, which corresponds to C-C, C-O-C and
O-C=0 groups respectively, which is consistent with the FTIR
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Fig. 4 XPS core level spectra for C, O, Ga, and N (a), Raman spectrum
(b), FTIR spectrum (c) of the sample S2.
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data and previous reports of carbon nanomaterials.'”’“ The O
1s spectrum shows contributions at 531.3 eV and 534.5 eV,
corresponding to C-O-C and O=C-OH groups, respectively.'®
XPS analysis showed that nitrogen was present in the sample
with a main peak at 399.4 eV and a minor shoulder at 403.0 eV,
corresponding to C-N-C and N-(C); groups respectively."”®
The Ga 2p spectrum indicated a trace amount of Ga in the
samples. To confirm whether the samples are potentially doped
with nitrogen, they were etched with an ion beam and the
subsequent XPS spectra are shown in Fig. S6 (ESIf) show
little change indicating that some nitrogen incorporation has
likely occurred.

The above analyses were undertaken with an initial dye
concentration of 12.4 mg L~'. The concentration was then
increased to 100 mg L' to probe how effective this approach
is for organic molecule degradation. It was found that this
sonication approach with liquid metal is highly effective
resulting in complete discolouration of the MO, CR and EB
dyes after 1 h of bath sonication (Fig. S7, ESIT). Significantly
this also resulted in the extensive formation of carbon which
was confirmed by SEM/EDX analysis of the deposit after
reaction (Fig. 5a).

It was found that clusters of carbon particles of the order of
200 nm were formed in addition to some Ga particles (Fig. 5a).
The oxygen map showed that the most concentrated regions
were associated with the Ga particles as expected given the
reactivity of Ga with oxygen to form oxides. The particles
agglomerate together into clusters as seen in the SEM
image while AFM indicated particle heights up to 10 nm
(Fig. S8a, ESIT). TEM images in Fig. 5b show some individual
amorphous carbon particles where there is a homogeneous
distribution of C and O in the particles. A lower magnification
SEM image shows the large extent of carbon particle formation
in these samples (Fig. S8b, ESIt). At the lowest MO concen-
tration (12.4 mg L ') carbon nanoparticles of ca. 10 nm dia-
meter were formed as seen by TEM imaging (Fig. S9, ESIT).
This indicates that the particle size is dependent on the initial
dye concentration, increasing from 10 to 200 nm at the higher
dye concentration.

For the mechanism it is postulated that the initial step is
formation of superoxide radicals which attack the N—N bond
resulting in decolourisation of the solution. These radicals are

Fig. 5 (a) SEM image and EDX analysis showing agglomerated carbon
particles obtained from degradation of 100 mg L™ MO, (b) TEM image and
EDX analysis of the carbon particles.

This journal is © The Royal Society of Chemistry 2021
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formed due to the presence of some semiconducting GaOOH
(Fig. S2, ESIt) which has a CB edge position of —0.87 V vs. NHE
which is lower than the O,/0, * couple at —0.33 V, therefore
dissolved O, is reduced when electrons are excited into the CB.
Under sonochemical conditions with metal particles in
solution, a heterogeneous system is setup which differs signifi-
cantly to a homogeneous system. Here liquid metal micro/
nanodroplets will continuously form in solution creating many
heterogeneous liquid metal/aqueous dye interfaces as well as
high velocity inter particle collisions. This is reflected in the
time dependent bath sonication study (Fig. S10, ESI{) which
shows that there is an induction time for the first 10 min
(where the liquid metal is dispersed) after which degradation
occurs rapidly over the next 5 min and then slows. This was
confirmed using a pre dispersed catalyst which showed that
degradation could then be achieved with the bath sonicator in
only 10 min (Fig. S11, ESIt). It has been reported that the
effective transient temperature reached at the point of impact
during inter-particle collisions can be as high as 3000 °C."
Under such extreme conditions organic molecules produced
after superoxide radical attack will break down resulting in the
formation of solid carbon species. Also, Ga metal has been used
as a catalyst in C-C bond coupling reactions which may also
play a role in forming solid carbon products.”® This could
be a key factor as previous work which investigated sonochem-
ical dye degradation using Pd nanoparticles immobilised
on carbon dots only resulted in decolourisation and not
carbon formation."

In summary, we have successfully demonstrated the sono-
catalytic degradation of a series of organic azo dyes with an
efficiency of 99% where the liquid metal catalyst was reusable.
The ease of reusability/recovery of the catalyst is attributed to
use of a slightly acidic media which inhibits extensive for-
mation of gallium oxide and allows the liquid metal droplets
to coalesce. The major reactive species was identified as super-
oxide radicals which attacks the dye during sonication, however
formation of solid carbon was observed due to the highly
reactive environment of colliding liquid metal droplets. This
approach could potentially be extended to a range of other
organic species that are harmful to the environment.
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