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Abstract

The electrosynthesis of hydrogen peroxide usingothygen reduction reaction has
been studied in the absence and presence of pdir@saund in a non-optimized sono-
electrochemical flow reactor (20 cm cathodic cortrpant length with 6.5 cm inner
diameter) with reticulated vitreous glassy carblemteode (30 x 40 x 10 mm, 10 ppi, 7 Tm
cm?®) as the cathode. The effect of several electroatsnoperational variables (pH,
volumetric flow, potential) and of the sono-electiemical parameters (ultrasound
amplitude and horn-to-electrode distance) on thauative concentration of hydrogen
peroxide and current efficiency of the electrosgsth process have been explored. The
application of power ultrasound was found to inseshoth the cumulative concentration of
hydrogen peroxide and the current efficiency. Tppliaation of ultrasound is therefore a
promising approach to the increased efficiency mfdpction of hydrogen peroxide by
electro-synthesis, even in the solutions of lowHr (& 12). The results demonstrate the

feasibility of at-site-of-use green synthesis oflftogen peroxide.

Keywords: hydrogen peroxide, sono-electrochemistry, retiedatitreous glassy carbon,
green synthesis



1. Introduction

Hydrogen peroxide is an environmental friendly @ity agent with many uses in
organic and inorganic synthesis, waste water treatrand pulp industry [1, 2]. A large
number of synthetic chemists seekiggeener syntheses are turning toward hydrogen
peroxide based oxidations, since water is the bglproduct of these oxidations [3-5].
Moreover expensive catalysts and solvents may lmeded while the need for costly
organic peroxides or chlorine based oxidationsbmeliminated.

Hydrogen peroxide is made commerciallg anthraquinone reduction known as the
‘AQ-process’. This involves the hydrogenation, éxample, of 2-alkyl-9,10-anthraquinone
(with a catalyst such as nickel or palladium) fargithe corresponding hydroquinone and
oxidation with oxygen (usually air) to yield hydeay peroxide and reforming the starting
anthraquinone. Commonly the anthraquinone is dissbln a solvent or solvent mixture
for hydrogenation, oxidation and extraction. Dughe differing solubility of the quinone
and hydroquinone species, solvent mixtures are ammym employed. The sole
electrochemical process competitive to ‘AQ’ processhe Dow Process developed in
association with Huron Technologies Inc. The mam@advantages for the widespread
commercialisation of the direct oxygen electrordauinctechnology are the high alkalinity
and high, 1.7-1.8 NaOHA®, weight ratio [6]. Therefore, there is a continusesrch for
an improved electrochemical synthesis of hydrogeroxide from oxygen in aqueous
media [7]. However, production of hydrogen peroxuike electroreduction of oxygen has
two main drawbacks: the low solubility of oxygenviter and the sluggish kinetics of the
electrochemical reduction of oxygen [8] with lown@nt efficiencies.

To enhance the oxygen electroreduction to hydrqueroxide at low pH, i.e. less
than 12, previous research has mainly focused ectretle materials [9-11], influence of
the pH [12], use of surfactants [13], mediated teteceduction using 2-ethyl 9,10-
anthraquinone [14,15], and use of electrodes nedlifvith electrocatalytic materials [16-
21]. Due to the slow kinetics of the oxygen redurctand the low solubility of the oxygen
in aqueous solution, three dimensional electrod#l @ high ratio of surface area to
volume in flow cells, have been commonly used ie #lectrosynthesis of hydrogen

peroxide. Among them, reticulated vitreous carbBW) has received special attention



[22] with studies again addressing the influencéhefpH [6, 12], the use of surfactants [6]
and the use of mediators [23] to increase theafitiee electron transfer process.

Due to the low solubility of the oxygen in aqueaadutions, the electrochemical
synthesis of hydrogen peroxide from the reductiénoxygen will likely have a low
synthetic efficiency if this is not carried out laigh forced convection conditions. The
depletion of the oxygen at the electode requiresrdinous supply from the bulk solution
in order to mantain the oxygen concentration attedele surface as high as possible. The
influence of ultrasound on the electrochemical b&ha of different systems is a now well
understood field of reserach [24]. Thus, effecévehbeen found on activation of the
electrode surface [25], on adsorption processef [R6difications of mechanisms due to
radical generation [27] and also the increase thesntransport of electroactive species to
the electrode [28]. In the case of the oxygen teeeduction, the influence of the
ultrasound has been analyzed by voltammetric ssugseng unmodified [29] and modified
electrodes [18, 30-32].

One potential approach to the green synthesis difdgen peroxide synthesis is from
applying sono-electrochemistry where it is envishgleat large amounts of hydrogen
peroxide would be quickly and economically produdemm the enormously enhanced
mass transport regime under ultrasound. The pHyseanciples underlying the
simultaneous application of ultrasound and eletieaustry have been well understood
over the last decade and it is expected that wapgtantial amounts of hydrogen peroxide
can be generated in this way using air as a feeklsto

In the present work the electrosynthesis of hydnogeroxidevia the oxygen
reduction reaction has been studied at pH 10 and ®kh the presence and absence of
ultrasound using a non-optimized electrochemiaalvfteactor with RVC as the cathode.
The influence of several classical electrochemagarational variables (pH, volumetric
flow, potential) and of the sonoelectrochemicalgpaeters (ultrasound amplitude and horn-
to-electrode distance) on the cumulative conceantravf hydrogen peroxide and current

efficiency of the electroreduction of oxygen to hggen peroxide has been investigated.



2. Experimental

2.1 Reagents and chemicals

All chemicals used in this work were of analytigaghde and used as received from
Aldrich without further purification. Two differentatholytes were used; a boric acid /
sodium hydroxide buffer for pH 10.0 and sodium loydde solution for pH 13 with 0.1 M
solution of sodium hydroxide used as an anolytd. sdlutions were prepared with
deionised water of resistivity not less than 18.2 km (Vivendi Water System UK). Pure
oxygen (BOC, Guildford, Surrey, UK) was bubbled(if+ 0.1 MPa) prior (more than two
hours) to and during the electrochemical and sdacv®chemical experiments. Note that

no peroxide stabilization agent was added to thieotge.

2.2 Electrochemical reactor

A divided flow cylindrical cell was used for theeetrolysis with a reticulated
vitreous carbon (30 x 40 x 10 mm, Duocel Reticwlatéreous Carbon 10 ppi, 7 éram®)
as a working electrode. The counter electrode vidkeehgauze, with a saturated calomel
electrode (Radiometer, Denmark) completing theudirdA plastic tube Luggin capillary
entered the three dimensional cathe@ea hole drilled through the wall of the cell. The
volume of the anolyte was 0.5 drand, in most experiments the volume of the catholy
was 1.25 drhand 3 dr. The catholyte volumetric flow rate was rangedateemn 70 and
300 dn? h™. A cationic exchange membrane Sibron MC3470 (IONS&¢gbron Chem. Inc.
USA) was used as a separator. The experimentalappas shown in thBgure 1. Both
catholyte and anolyte (each one in its own loopjewarculated trthrough its electrode
comparment via a pump and external reservoir in tyygical way of the flow
electrochemical reactor with recirculation. Théhoaic compartment length of the cell is
20 cm and the anodic compartment length is 4 cntevthe inner diameter of the cell is 6.5

cm.

2.3 Instrumentation
Controlled potential electrolysis was carried out @ PGSTAT30 potentiostat

(Autolab, Eco Chimie, Utrecht, The Netherlands).or Fhe sonovoltametric study, an



ultrasonic horn, model CV 26 (Sonics and MateriatsUSA), operating at a frequency of
20 kHz and fitted with a 3mm diameter titanium glhoicrotip was used (Jencons, Leyton
Buzzard, UK). In the flow cell sonoelectrochemiexiperiments, the ultrasound field is
applied using a 20 kHz Ultrasonic Processor UIPOQLOV) supplied by Dr. Hielscher
GmbH, fitted with a 34 mm diameter titanium allay. tThe working electrode was placed
directly opposite the ultrasound horn in a faceasrangement with a distance between
them being an operational variable under studymgerature was kept constant at22

°C throughout all electrochemical and sonoelectrotbal experiments.

The cumulative concentration of hydrogen peroxideaswdetermined by
spectrophotometry (to withia 3%) using samples taken from the cathodic cirautatank.
The colorimetric procedure used is based on thectlen of iodine generated in a degassed
iodide solution after then situ reaction with hydrogen peroxide [33]. After tlomg term
electrolysis, the electrolyte was allowed to fldwaugh the system during one hour and the

concentration of hydrogen peroxide did not changeenthan 3% during this time.



3. Results and discussion

3.1 Voltammetry study

Prior to the study of the process using a flow;@Noltammetry study was carried
out at pH 10 using RVC samples as working electrodée objective of this study is
located the potentials at which oxygen is not reduand those at which it is reduced (i)
under electrode kinetic control and (ii) under $port control. A three electrode
arrangement was used in the electrochemical call taro different size of working
electrode were studied. In a first step, a 10 x I mm reticulated vitreous carbon was
used as a working electrode, the counter electwrte platinum wire around the working
electrode and a saturated calomel electrode a®r@emnee electrode. This system was used
to analyze the influence of the ultrasound fieldvyed by a 20 kHz ultrasound horn,
located at “face on” configuration delivering 10% amplitude. Figure 2a shows the
cyclic voltametry, v=10 mV/s, in absence of oxygsrsilent conditions (curve a), and in
presence of oxygen in silent conditions (curvery a presence of ultrasound (curve c).
The wave related to the oxygen reduction in silmditions (curve b) presents a peak
located at -0.4 V vs SCE, a potential value closthat obtained with other carbonaceous
substrates [31] at similar experimental conditiofnder ultrasound, note the increase in
current density and a possible mass- transportdagurrent density arising form enhanced
mass transport at more negative potentials thapehk potential in silent conditionsyeh
=-0.4 V vs SCE.

In order to analyze the voltametric behaviour viattyer electrodes, close to the size
used in the flow cell, a 60 x 50 x 10 mm reticuthtétreous carbon was used also as a
working electrode. With this large working electep a large platinum wire counter
electrode was positioned around the working eléetrio order to assure a high symmetry
in the current field. Figure 2b shows the voltammetric response, 10 mV/s, in a®sen
(curve a) and presence (curve b) of oxygen in sidenditions. The peak is located at -
0.49V vs SCE, and the halfwave potential is locateeD.37 V vs SCE. It is worth noting
that, despite the increase in the size of the wagrldlectrode and its implications for the

homogeneity of the potential distribution over 8@ electrode surface, the voltammetric



peak potential is almost unchanged from that obthwith the smaller working electrode

sizes (Figure 2a).
3.2 Study under silent conditions
3.2.1 Study at pH 13

The electrosynthesis of hydrogen peroxide undeespant conditions in the
electrochemical flow reactor was first investigateth all experiments, the catholyte of
1.25 dni volume was continuously saturated with oxygenoitiiced in the recirculation
tanks with periodic hydrogen peroxide concentratioonitored colorimetrically. The
electrosynthesis of hydrogen peroxide was studieal pH 13 solution where the hydrogen
peroxide exists as HOso that loss of hydrogen peroxide decomposition to water and
oxygen is reduced. The accumulation of hydrogepde with time within the catholyte
for electrosynthesis carried out in pH 13 solutardifferent potentials is shown fagure
3. It can be seen that the concentration of hydrqeeoxide increases linearly with time,
with the rate of formation of hydrogen peroxiderngehigher at more negative potentials.
The cumulative concentration of the hydrogen pelexivas shown to be strongly
dependent of the volumetric flow rate as can b s¢éigure 3. On the other hand, the
current efficiency, defined as the ratio of the rgeaused to form hydrogen peroxide by
Faraday’s law to the total charge passed, wastrag@y influenced by the potential in the
range — 0.6 to — 1.2 Vs. SCE or the volumetric flow rate in the range 7869 dnih™.
The current efficiency was in the range 30 - 45%hfgdrogen peroxide electrosynthesis at
volumetric flow rate of 70 dfn™, with values of 40 - 60% obtained for volumetriowi
rate of 300 drfh™. Also, the existence of “induction time”, i.e. amtial period of time

when the current efficiency is low, has been obsgrv

3.2.2. Study at pH 10
Next we examined the electrosynthesis of hydroggoxide under silent conditions
in oxygen — saturated solution of pH 10 value. €kperiments were run under the same

conditions described above for electrosynthestsydfogen peroxide in catholyte of pH 13,



and a summary of the results is showfigure 4. The concentration of hydrogen peroxide
increased again with time and higher cumulativeceatrations of hydrogen peroxide were
obtained at the higher volumetric flow rate. Howgvthe current efficiency of the
hydrogen peroxide electrosynthesis at pH 10 wasdda be a function of the potential. It
was observed that the current efficiency decreasesore negative potentials with values
ranging from close to 100% for the electroreductdoxygen at -0. 4 Ws. SCE to values
as low as 20% for the reduction at - 1.@3/SCE.

The comparative analysis of the current efficienof hydrogen peroxide
electrosynthesis at two different catholyte voluneefiow rate, 70 drth™® and 300 drih™
showed that the influence of the flow rate is mmia@nifested at potentials more positives (-
0.6 V vs SCE). The current efficiency for electnoibyesis of hydrogen peroxide at - 0.6 V
vs. SCE was found to bea. 55% at 300 drin™ volumetric flow rate, while it was almost
half less at 70 difn* volumetric flow rate. However, the effect of flonate on current
efficiency at more negative potentials is practicakgligible and the value @f. 20% was

obtained for both volumetric flowste for electrosynthesis at - 1.0v8. SCE.

3.3 Study under ultrasonic conditions

We turned to investigation of the electrosynthegisiydrogen peroxide under the
ultrasound. The electrode potential was kept comsth - 1.0 Vvs. SCE throughout all
sono-electrochemical measurements. It must beighgkedd that no electrode damage was
detected during the study. Note that the electrit®sis of hydrogen peroxide shows poor

current efficiency at this potential under the goent conditions (see above).

3.3.1. Chronoamperometric studies. Influence ofulieasound amplitude and the horn-

electrode distance

Chronoamperometric studies of the electrosynthesigydrogen peroxide under the
ultrasound were performed in a flow cell with thetholyte of pH 13 value. The horn-to-
electrode distance was kept constant at 5.6 cnughiaut the whole set of measurements
while the ultrasound power was increased from théomaximum value. The potential step

experimentsfigure 5, were run with two different catholyte volumetfiow rates: 70 and



200 dnth™. A large enhancement in current is observed asuttrasound amplitude
increases compared to the ones obtained undercgaiesonditions; the increase was found
to be more notable for lower volumetric flow ratéwe reduction current of electrosynthesis
with volumetric flow rate of 70 din® and 200 drfh™ increased 2.6 and 1.2 times
respectively when ultrasound of maximum power wpgliad compared to the currents
obtained with no ultrasound applied. Note thatrafte ultrasound horn is switched off, the
current attains the initial value in silent conalits before application of ultrasound. When
the experiments were repeated in solution of pHdlQe, similar qualitative enhancement
in current to that reported above for the pH 13 wlaserved with the 2.2 times increase in
current for lower flow rate when ultrasound of mmaxim power was applied compared to
the obtained silent current.

Next, a different horn-to-electrode distance waanexed. The horn was placed at
1.5 cm distance from the RVC electrode and elegttbesis of hydrogen peroxide
investigated in pH 10 solution. Somewhat differezgults were obtained at this horn-to-
electrode distance compared to that obtained usiggeater distance. The increase in the
current under ultrasound was to some extent manequmnced and the ratio of ‘ultrasound’
to silent current was found to be higher, 2.6 andtimes for volumetric flow rates of 70
and 200 drth™ respectively. The silent current after the ultrasb application was found
to be 25% higher than silent current before appboaof ultrasound.

3.3.2. Controlled potential electrolysis. Influerafethe pH

Next, the effect of ultrasound on the cumulativacantration of hydrogen peroxide
and current efficiency of the hydrogen peroxidecetsynthesis was studied. The
electrosynthesis of hydrogen peroxide was firstm@rad in a flow reactor with a pH 10
solution of 3 dm volume used as catholyte. The electrosynthesis Wit different
catholyte volumetric flow rates: 70 and 200 %rh were examinedFigure 6 shows the
cumulative concentration of hydrogen peroxi@esustime in the presence and absence of
ultrasound. The cumulative concentration at anyetismhigher as the ultrasound amplitude
increases. For both volumetric flow rates, the @mes of ultrasound increases the
cumulative concentration of hydrogen peroxide, ewéigher flow rates where the increase

in the current under ultrasound was not very proced. The current efficiency in silent

10



conditions was found to be low, close to 20%. Hosvevhe current efficiency increased
significantly when ultrasound is applied duringattesynthesis, segure 7. The usual
explanation for an increased current efficiencyarridsonation is that the ratio of faradaic
current to background increases as a result ofnitreased mass transport improving the
former but not changing the latter. This increasethe current efficiency is more
manifested at low volumetric flow rates. For elesymthesis of hydrogen peroxide with the
higher catholyte volumetric flow rates the ultrasduamplitude increases, the current
efficiency seems to be independent of the volurmdriv rate. It was also found that, when
ultrasound is applied during electrosynthesis afrbgen peroxide, the “induction time” in
the current efficiency curve disappears. Thisaase in current efficiency of hydrogen
peroxide electrosynthesis under ultrasound offepsoanising prospect, especially where
the conventional electrochemical approaches (lowapH higher electrode potential) does
not meet the market demands.

The same study was done at pH 13. Again, the pcesainthe ultrasound field with
increasing power amplitude enhances the electrbegi#t of hydrogen peroxide, not only in
the cumulative concentration, but also in the aurefficiency of the process. However,
these beneficial effects are less pronounced thasetobtained at pH 10 and, for example,
the “induction time” in the current efficiency c@w remains.

Long term electrolysis was carried out to checkhpgrogen peroxide synthesis and
a linear increase in the cumulative concentratias wetected over the whole reaction
period of 7 hours.

Several effects of ultrasound related to the ebebtimical processes have been
reported such as enhancement of the mass trangpohe electrode [34], ultrasound-
induced surface effects [35] and generation ofvactadical species [36]. In water, the
sonochemical formation of OHadicals is followed by recombination of hydrogen
peroxide [37] or by the activation of carbon suem¢38]. The influence of the ultrasound
on the rates of heterogeneous electron transtargsly indirect and due to mass transport
effects [28].

Assuming that ultrasound improves only the masssprart conditions, the observed
less pronounced benefits of the ultrasound apgliddgher volumetric flow rates are likely

due to the fact that the mass transport contributiom the ultrasound field is lower or
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disturbed as the volumetric flow rates increagéis is consistent with the fact that the
limiting current observed in the presence of utitagl is found to increase with the
magnitude of the ultrasound intensity applied ® $lgstem, as reported elsewhere [34]. A
guantitative model has been proposed to parametéhe mass transport to insonated
macrodisc electrodes. This assumes that the appficaf power ultrasound results in a
truncated or thinned Nerst diffusion layer [28] anldas been found experimentally that the
diffusion layer thickness is controlled by bothugifon and convection [39]. In the case of
the insonated electrode, acoustic steaming comésbsignificantly to this convective flux

[40] so that the influence of the ultrasound isaggee at lower volummetric flow rates.

Optimization of the cell geometry, study relativenfiguration emitter surface-
electrode and the correlation between structuralpgmnties of the 3D electrode with
ultrasound field are the next points to furtherelep in order to increase the efficiency of

the process.
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4. Conclusions

A study of the influence of ultrasound on the el@eduction of oxygen to
hydrogen peroxide was carried out in a non-optichieéectrochemical flow cell using
reticulated vitreous carbon as a working electrdde examination was performed in pH
13 where H@ anion is known to be stable, as well as in pH h@ne electrosynthesis of
hydrogen peroxide shows poor efficiency. The appilbi;n of ultrasound during
electrosynthesis was found to enhance both the letiver concentration of hydrogen
peroxide and the current efficiency of the proc@$e current efficiencies ala. 60% were
reached with the application of ultrasound in sohg of pH 10, where the silent
electrochemical synthesis had current efficienc@¥o or less. This improvement can be
related to an enhancement in the mass transpodr wittasound. The improvements of
electrosynthesis of hydrogen peroxide in solutiohpH 10 under ultrasound compared to
guiescent conditions have shown that the applicatfaultrasound is a promising approach
to electrosynthesis of hydrogen peroxide in norrhadkaline aqueous media. This is of
great significance foin situ production of hydrogen peroxide for use in botlgaoiic
electrosynthesis and degradation of organic eftkien

Future work on the optimization of the electrocheahiflow cell parameters that
would further increase the cumulative concentratiod improve the current efficiency of

the electrosynthesis of hydrogen peroxide is pldnne
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7. FigureLegends

Ultrasonic
Horn

Plastic
& casing

Solution out to
circulation tanks

k‘ Cathodic
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RVC ‘\
electrode
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] Circulation tanks
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to circulation tank
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to circulation tanks

Cell divider (membrane)

Figure 1: Schematic representation of the sono-electrootedndell. Note that the
cathodic and anodic compartment lengths are 20rmmdacm respectively,
while the inner diameter of the cell is 6.5 cm.
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Figure2: (a) Comparison of cyclic voltammograms for reléted vitreous carbon
(10x10x10 mm) in pH 10 in silent conditions andtlve absence (curve a)
and in the presence of oxygen at silent (curvenul) @trasonic conditions
(curve c). (b) Comparison of cyclic voltammograros fieticulated vitreous
carbon (60x50x10 mm) in pH 10in the absence (cajvand in the presence
of oxygen (curve b).
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Figure 3: Influence of the electrode potential on the cuatiué concentration of D,

from the electroreduction of On NaOH (pH 13) at two different flow rates
(@) 70 dnmih™, (b) 300 dmh™®. Temperature 294 km -0.6 V vs. SCE,® -
0.75 Vvs.SCE, A -1V vs. SCE, ¥-1.2V vs. SCE. Catholyte volume 1.25

dn.
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Figure4: Comparative analysis of the influence of the fleate on the cumulative
concentration and current efficiency ot® production for the different
electrode potentials studied (- 0.6v8.SCE, - 0.75 Ws. SCE, and - 1\s.
SCE) at pH 10.@ 70 dnth™, ® 300 dnih™. Temperature 294 K. Catholyte
volume 1.25 drfy
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Figureb5: Potential step experiments in the absence andepce of ultrasound

(stepped ultrasound amplitude with time) at twdedént flow rates (70 and
200 dnih™). Distance surface emitter-electrode 5.6 cm {4)18, (b) pH
10.
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