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Preparation of hydrogen peroxide by cathodic reduction of oxygen in porbus
electrodes from active carbons without or with a thermal pretreatment at min. 1000°C
either in vacuo or in the presence of alkali sulfides in an inert atmosphere at normal
pressure was investigated. The current yields of hydrogen peroxide on electrodes from
untreated active carbons arc initially very low and rise slowly with time up to ca.
15—25%. The thermal pretreatment of active carbon in vacuo results in a pronounced
increase of current yields up to 60—80% (at 30 mA cm ?); from this value they begin to
decrease and after several hours they reach the level equal to that for untreated carbon.
The most effective treatment consists in heating active carbon in an inert atmosphere
with alkali metal sulfides; for this treatment the optimum temperature and time of
heating were found. The lifetime of such electrodes reaches in best cases about one
thousand hours. A continual feeding of the inlet electrolyte with catalytic poisons (HgO,
As,0,) has no effect on current yields of hydrogen peroxide when using electrodes from
untreated active carbon.

B0 HCCENOBAHO NONYYEHHE TEPEKUCH BOROPOA KATOIMYECKHM BOCCTAHOBJIEHHEM
KHCJIOpOla B MOPHCTBIX 3JIEKTPOIaX U3 aKTHBHOIO Yrias A06aBOYHO 06XKHIraHHOTO MpH
Temnepatype MuH. 1000°C unu B BaKyyMe WIH B MPUCYTCTBHH CEPHHCTOTO HATPHA WIN
KaJTHs IPH HOPMAJILHOM J1aBlIEHUMH HHEPTHOTO ra3a. BuIxofibl O TOKY NepeKUcH BOJOPO-
[a Ha 3NEeKTPOAax K3 He 06paboTaHHOro yrnis CHayajla OYeHb HM3KHE H BO3pacTaloT
MeieHHo 10 15—25%. Tepmudeckas 06paboTka aKTHBHOTO YISl B BAKYyMe BbI3bIBa€T
pe3Koe MOBBIILIEHHE BLIXOIOB MO TOKY (10 60—80% npu nuotHoctH Toka 30 MA cM™?),
HO 3TO IEACTBHE TOJBLKO KPaTKOCPOYHOE H BbIXObI 10 TOKY ONAThH MOCTENEHHO NafaloT
[O ypoBHs s He obpabGotanHoro yrnsa. HaiGonee 3dpdekTHBHbIM sABISETCS 06XKHUID
aKTHBHOIO YIJIS C CEPHHUCTbIM HAaTPHEM WIIM KaJiieM B aTMocdepe a30oTa WiK pyroro
HHEPTHOTO ra3a, ¥ Aas Takod o6paGoTkH O6bUIM YCTaHOBJIEHbI ONMTHMANILHBIE YCIOBHSA.
Cpok ciyx6bl 3IEKTPOIOB U3 TaKHX YIr/Ied JOCTHraJl OKOJO ThicA4M YyacoB. HenpepsbiB-
HOE OTpaBJiEcHHE NMOPHCTHIX YrOJNIbHBIX IJIEKTPOAOB KAaTAJNHTHYECKHMH SATOXHMHKATAMH
HgO 1 As,0, 13 npoTeKaloLero 3JeKTPOJIHTa He BIMAET Ha BBIXOAbI IO TOKY NEPEKHCH
BOJIOPOfia NMPH HCNOJIb30BAaHHH IEKTPOAOB H3 He 06paGoTaHHOro yrns.

In our previous paper [1] we have delt with the electrochémical preparation of
hydrogen peroxide by the cathodic reduction of oxygen in solutions of sodium or
potassium hydroxides using porous cathodes prepared from various commercial
sorts of active carbon or powdered graphite, according to patent specification [2].
The results showed that the current yields of hydrogen peroxide at current densities
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5—50 mA cm™? on electrodes prepared from untreated carbonaceous materials
reached in short time experiments only 0—30%, which is too low for a technical
application. In the same paper also some results of experiments with porous
electrodes prepared from active carbon pretreated by heating with sodium or
potassium sulfides in nitrogen atmosphere [3] were reported. The results unam-
biguously proved a pronounced increase of current yields of hydrogen peroxide to
such a level which is technically very promising. The increase of current yields of
hydrogen peroxide can probably be explained by poisoning the active centres of
active carbon for hydrogen peroxide decomposition by sulfur compounds.

In this communication the results of experiments with poisoning porous elec-
trodes from untreated active carbons by catalytic poisons (As, Hg) added directly
into the flow of inlet electrolyte, further of experiments with thermal pretreatment
of active carbon by heating in vacuo according to Kastening and Faul [4, 5], and
finally of the experimental determination of the most suitable procedure for the
pretreatment of active carbon with alkali metal sulfides in an inert atmosphere [3]
are presented.

Experimental

The influence of various treatments of active carbons on their suitability as starting material for the
preparation of porous electrodes for the production of hydrogen peroxide by cathodic reduction of
oxygen was examined in a laboratory scale flow electrolyzer described in [1]. The porous electrodes
were prepared from powdered carbonaceous materials in the same way.

As catalytic poisons added directly into the inlet solution of sodium or potassium hydroxide, As,O,
and HgO were used. The former dissolved very well in the solution under the formation of AsO3, the
solubility of the latter in the used electrolytes was very low. It was assumed that the concentration of
poisoning agents does not change during the stay of electrolyte in the anodic compartment, though the
ions AsO; are probably oxidized to AsO;. After passing through the percolating diaphragm into the
cathodic compartment the AsOj; ions are reduced back to As(III).

The pretreatment of active carbon according to Kastening and Faul [4, 5] consisted in heating active
carbon Desorex and Carboraffin at ca. 1000°C for 30 min at a reduced pressure (approximately 1 kPa).
The pretreatment of active carbon by heating with sodium or potassium sulfide [3] consisted in
preparing a homogenized slurry of active carbon with a saturated or diluted solution of alkali metal
sulfide of technical purity, its drying and heating in nitrogen at 1100—1300°C (1 1/2—2 1/2 h). After
cooling in nitrogen, the treated carbon was washed with boiling hydrochloric acid and then thoroughly
rinsed first with boiling and finally with cold distilled water and dried.

Further, the influence of different reaction conditions during the heating of active carbon with
sulfides on the rate of spontaneous decomposition of hydrogen peroxide solution in 5 N-KOH was
examined by measuring the rate of evolution of gaseous oxygen from a mixture of 20 cm® 5 N-KOH and
1 cm® 80% H,0, with 0.1 g of active carbon sample. The reaction vessel as well as the gas burette were
kept at 20°C.
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Results and discussion

The results of experiments with porous cathodes from untreated active carbon
poisoned by catalytic poisons added into the inlet electrolyte are given in Table 1.
Low solubility of HgO in the used electrolyte required a very long time of
electrolysis in order to supply sufficient amount of poison to the porous electrode.
In order to obtain comparable results it was necessary to carry out experiments
with pure electrolyte under similar conditions.

From Table 1 it follows that the current yields of hydrogen peroxide in the
absence of poison were almost zero on electrodes from Carboraffin at the
beginning of the experiment, and they slightly increased if the electrode was
working for a sufficiently long time, especially at low current densities. Electrodes
from Desorex produced hydrogen peroxide with current yields 12—20% at
a current density 33 mA cm™? in 5 N-KOH as well as in 2 N-NaOH at 20°C. Very
similar results were obtained with electrodes from untreated active carbon Super-
sorbon (CSSR) and from active carbon of Degussa (GFR) (not given in Table 1).

The results of experiments with catalytic poisons HgO and As,O, added directly
into the inlet electrolyte showed practically no influence on the current yields of
hydrogen peroxide. Even the impregnation of porous electrode with a concentrated
solution of HgCl, in ethyl alcohol (50.5 g HgCl, in 100 g C,H;OH at 25°C) before
drying the electrode did not practically increase the current yields of hydrogen
peroxide.

The results of experiments with two samples of active carbon treated according
to Kastening and Faul [4,5] are given in Table 2. It is evident that such
a procedure causes a marked increase of current yields of hydrogen peroxide, but
its promoting action is — at least for the sorts of active carbon used in our
experiments — sufficiently effective for a limited time only. At a current density
33 mA cm™ the current yields decreased after ca. 50 h to values corresponding to
electrodes from untreated active carbons. At lower current densities, the effect of
this procedure was somewhat prolonged but even in this case it was rather
uneffective for practical applications.

In experiments with the pretreatment of active carbon by heating with sodium or
potassium sulfide only Carboraffin was used, because it gave the lowest current
yields of hydrogen peroxide in the untreated state. The aim of these experiments
was mainly to find the optimum duration and temperature of heating of the dried
mixture of active carbon with sodium or potassium sulfide in nitrogen (Table 3).

From the experimental results it follows that for each temperature there is an
optimum time of heating after which the current yields of hydrogen peroxide
decrease abruptly (Fig. 1). Temperature 1200°C and the time of 2 1/4 h were
found to be the most convenient. Similar results were obtained when heating
a dried mixture preppred from active carbon and rather diluted solutions of
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Table |

Influence of addition of catalytic poisons HgO and As,Q, into the inlet clectrolvte on current vields of
hydrogen peroxide by cathodic reduction of oxygen in porous carbon electrodes

. . t Voltage ¢ \fl"l'cr-“
Active carbon Electrolyte Poison h mA cm Vv vicelds
Carboraffin 2 N-NaOH = 23 33 1.85 0

- 114 33 1.85 0.25
= 160 16.5 1.42 25
HgO 200 16.5 1.42 2.5
HgCl, 235 16.5 1.42 2.6
(impreg.)
HgCl, 240 6.6 1.18 19.5
HgCl, 432 6.6 1.18 14.5
HegCl, 440 33 1.10 20.0
HgCl, 562 3.3 1.00 20.5
Desorex 5 N-KOH - 48 33 1.0 12.8
= 220 33 1.0 18
- 363 33 1.0 12
2 N-NaOH - 400 33 1.1 13
— 450 33 1.1 20.8
- 522 33 1.1 15.5
HgO 536 33 1.1 16
HgO 684 33 1.1 19
HgO 860 33 1.1 19
HgCl, 990 33 1.1 235
(impreg.)
Desorex 2 N-NaOH - 24 33 1.4 20.5
(another — 70 33 1.4 20.0
electrode) = 190 16.5 1.22 17
- 281 16.5 1.22 33
= 333 6.6 0.85 23
- 370 6.6 0.85 30
= 440 33 0.75 18
- 584 33 0.75 22
5 N-KOH = 42 33 1.1 17
As,0; 175 33 1.1 16
As,05 320 33 1.1 18
As,Of 426 33 1.1 21
As,0f 439 33 1.1 19.5
- 661 33 1.1 8

a) 6.25 g As,04/1; b) 12.5 g As, 04/l
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Table 2

Influence of the thermal treatment of active carbon in vacuo oncurrent yields of hydrogen peroxide by
cathodic reduction of oxygen in 2 N-NaOH at 20°C

" Time of . Current
. Conditions . I Voltage .
Active carbon of hetiig elect;olysns A B v )’lf/lds
(]
Desorex 1000°C 15 33 1.40 78
30 min 58 33 1.50 12
79 33 1.52 9
106 16.5 1.30 9
Carboraffin 1250°C 8 33 1.35 12
30 min 40 33 1.48 9
103 33 1.62 5
147 6.6 1.36 24
170 6.6 1.37 24
197 6.6 1.45 23

potassium sulfide. For example, an electrode prepared from active carbon mixed
before heating with a solution of 0.9 M-K,S produced hydrogen peroxide during
100 h at a current density 33 mA cm™> with current yields of 78%, then the current
yields decreased slowly to 65% after 218 h when the experiment was interrupted.
An electrode prepared from a mixture of active carbon with a solution of
1.8 M-K.S before heating produced after 165 h of operation at the same conditions

Table 3

Influence of different conditions of the thermal treatment of active carbon Carboraffin with sodium
sulfide on current yields of hydrogen peroxide by cathodic reduction of oxygen in porous electrodes made
of pretreated carbons in 2 N-NaOH at flow rate 30 cm® h™' at 20°C

Temperature Time Current yields (%) at current density i, mA cm™
of heating of heating

°C h 8.3 16.5 25 33
1100 2.0 - 77 69 50
1150 2.0 - 85 79 70
1200 1.5 68 55 32 28
2.0 84 86 83 77

25 88 86 84 69

1250 1.5 86 83 75 65
2.0 78 76 70 59

2.5 78 75 70 59

1300 2.5 56 - - 29
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of electrolysis hydrogen peroxide with current yields of 76.2% in comparison to
78% at the beginning of the experiment. The lifetime of electrodes prepared from
a heated mixture of active carbon with a practically saturated solution of potassium
sulfide (ca. 7 M) reached for optimum heating conditions approximately one
thousand hours without any marked decrease of current yields of hydrogen
peroxide.

The data on the influence of the thermal treatment of active carbon with sulfides
on the initial rate of spontaneous decomposition of hydrogen peroxide in alkaline
solutions are given in Table 4.

Table 4

Rate of decomposition of hydrogen peroxide solution in 5 N-KOH
by active carbon Carboraffin heated with sodium sulfide
at different temperatures

Temperature Time Surface ;
. . Rate of oxygen evolution
of heating of heating area 8 el e
oc h mZ g-l cm” min g-a.C
1100 2.0 - 27
1200 2.5 1100 8.2
1250 2.0 - 12
1300 2.5 165 13.2
non heated - 1100 222

From a comparison of these data with those of Table 3 it is evident that the
treatment of active carbon leading to the highest current yields of hydrogen
peroxide results also in the lowest catalytic activity with respect to the spontaneous
decomposition of hydrogen peroxide. Contrary to that active carbons heated with
sulfide at conditions differing from the optimum ones accelerate the hydrogen
peroxide decomposition several times. Very interesting is also the observation that
the specific surface area of active carbon (measured by the BET method) remains
unchanged during heating at 1200°C whereas heating at 1300°C diminishes this
quantity approx. by an order. In spite of this fact active carbon heated at 1300°C
accelerates the decomposition of hydrogen peroxide several times if compared with
active carbon heated at optimum conditions for maximum current yields of
hydrogen peroxide.

The positive influence of heating of active carbon with sodium or potassium
sulfide on the current yields of hydrogen peroxide by cathodic reduction of oxygen
may be explained in the following manner.
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Oxygen may be reduced in alkaline medium in two different ways. The first one
consists in a two-electron process under the formation of perhydroxyl anion

0,+H,0+2¢ — HO;+OH"; E°=-0.076V, (1)
which may further be reduced in the subsequent step to hydroxyl ion
HO; +H,O+2¢e — 30H"; E°=+0.878V. (2)

The second one is expressed by an overall four-electron reduction directly to
hydroxyl ions

0,+2H,0+4e — 40H"; E°=+0.401V. (3)

The rate of the individual electrode processes depends mainly on the nature of
electrode material. It was found that on electrographite, glassy carbon, and active
carbon, the reduction of oxygen proceeds via hydrogen peroxide (eqns (1) and
(2)) [6, 7). Further it was found that on active carbon the rate of reaction (1) is of
the same order as on pyrographite, but the rate of hydrogen peroxide reduction
(eqn (2)) on active carbon is higher [8]. The high activity of untreated active
carbon with respect to the acceleration of hydrogen peroxide decomposition is
attributed to a high concentration of oxygen-containing compounds on the surface
of carbon [9]. We also assume that the catalytic activity of active carbon in the
hydrogen peroxide decomposition may be caused by a high concentration of
unpaired electrons (they are the paramagnetic centres) the presence of which on

x T T T
%
100 |- .
1
2
3
4
Fig. 1. Influence of duration of the heating of S0 7
active carbon with sodium sulfide at 1200°C on
current yields of hydrogen peroxide on porous
electrodes made from thus treated carbons at
various current densities in 2 N-NaOH at flow
rate 30 cm® h™"' at 20°C.
Cathodic current denmsity: 1. 83; 2.16.5; ol ] 1
3.25;4.33mA cm™. 1.5 20 25 h
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the surface of active carbon is connected with oxygen-containing radicals [10]. The
untreated active carbon accelerates therefore not only the overall hydrogen
peroxide reduction according to reaction (2 ), but also its spontaneous decomposi-
tion according to the overall reaction

2H,0, — 0,+2H,0. (4)

Heating of active carbon with alkali metal sulfides causes the formation of very
stable C—S groups on its surface [11]. Siedlewski found by means of e.p.r.
measurements [12, 13] that the irreversibly adsorbed hydrogen sulfide did not
decrease the concentration of unpaired electrons on the surface of active carbon,
but it prevented their interaction with molecular oxygen. Analogously it may be
assumed that the surface C—S groups formed upon heating with sulfides inhibit the
surface oxygen-containing radicals to interact with oxygen from hydrogen perox-
ide, and in such a way they retard its reduction according to eqn (2), as well as its
spontaneous decomposition according to eqn (4 ). This assumption was confirmed
experimentally. Therefore, on electrodes from active carbons with strongly bound
sulfur on their surface the formation of hydrogen peroxide according to eqn (1)
proceeds with markedly higher current yields than on electrodes prepared from
untreated active carbons.

An elementary analysis of two samples of active carbon heated with sulfides
(Table 5) showed that the total content of sulfur increased by several per cent.
Simultaneously it was found that porous electrodes prepared from active carbon
with the highest content of sulfur (9.5% S) produced hydrogen peroxide with the
highest current yields.

Further it was found that from the total amount of sulfur in this case (9.5% S)
there were 5.8% extracted into CS,, probably in the form of elementary sulfur.
This gives a clear evidence of a very strong bond between sulfur and the surface of
active carbon which is maintained even at 1200°C. The results presented in Table 5
show further that an increase in sulfur content caused a decrease in the hydrogen
content, whereas the content of oxygen (calculated as the rest to 100%) was
affected only a little by heating with sulfides. This is in a good agreement with the
finding of Siedlewski [12, 13] about the influence of hydrogen sulfide adsorption
on the concentration of oxygen-containing radicals with unpaired electrons on the
surface of active carbon.

On the basis of presented interpretation it is also possible to explain the observed
short time effect of the heating of active carbon in vacuo according to Kastening
and Faul [4, 5] on the current yields of hydrogen peroxide. From the literary data it
is known that heating of microcrystalline carbon at temperatures higher than 600°C
in an inert atmosphere or in vacuo causes a progressive removal of oxygen bonded
on the surface [14] which is practically completed at 1200°C, and thus also
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Table 5

Elementary analysis of active carbon Carboraffin untreated
and after heating with Na,S under different reaction conditions

Temperature Time Elementary analysis in mass %
of heating of heating
°C h C H S N o
(as rest to 100%)
non heated - 83.95 2.62 0.24 0.25 12.94
1100 2 83.36 0.90 4.08 0.08 11.58
1200 2 78.60 0.69 9.50 0.39 11.02

a decrease of concentration of unpaired electrons [15]. The increase of current
yields of hydrogen peroxide with porous electrodes from thus treated active carbon
at the beginning of electrolysis is most probably caused by a thermal removal of
surface oxygen groups acting as catalytic centres for hydrogen peroxide decom-
position. However, such a surface seems to be not stabilized and not inhibited
against the subsequent action of oxygen and/or hydrogen peroxide. As it is in
contact with these species during the electrolytic reduction of oxygen, it may be
reoxidized under the formation of surface oxygen groups with described catalytic
properties. Therefore, the current yields of hydrogen peroxide are high enough
only for a limited time, when the surface of porous carbon electrodes is sufficiently
free of such oxygen-containing groups. During an extended processing in
a continually working flow electrolyzer, their amount rises successively. Conse-
quently, the current yields of hydrogen peroxide decrease (in our cases in 2—5
days) to the values practically concurrent with those obtained with electrodes from
untreated active carbon.
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