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444 Hydrogen Peroxide

cess had only a limited market because of their
high production cost, low hydrogen peroxide
content, and unsatisfactory stability due to im-
purities.

Electrochemical Processes. The introduction
of electrochemical processes eliminated the dis-
advantages of the barium peroxide process.

In 1853, MEDINGER discovered the forma-
tion of hydrogen peroxide during electrolysis of
agueous sulferic acid [10]. In 1878, BERTHELOT
showed that peroxodisulfuric acid [13445-49-3] is
formed during this electrolysis and then hy-
drolyzed by water to give sulfuric acid and hy-
drogen peroxide via peroxomonosulfuric acid
[/2188-01-1] [11]:

2H,50, — H,5,0,+ H,
H,8,0, + H,0 — HS0¢ + H,50,
H,S0, + HO —s HIS0, + Hol),

2H,0 — H,0,+H,

In 1903, following the work of EvLes and
ScuorNHERR [12], G. TeicHNER developed an
electrolytic process at the Konsortivn fiir Elek-
trochemische Industric. The first hydrogen per-
oxide plant based on this new technology went
on stream in 1908 at the Osterreichische Chemi-
sche Werke in Weissenstein, The Weissensiein
process was followed in 1910 by the Minchrer
process developed by A, PmrzscH and . G.
ADOLPH at the Elektrochemische Werke, Mu-
nich, and then in 1924 by the Riedel- Loewen-
stein process devcloped by L. LOEWENSTEIN and
first used by RIEDEL bE HARN. In these processes,
an ammonium sulfate solution was electrolyzed

instead of free sulfuric acid, and the resulting -

ammonium peroxedisulfate (Riedel-Loewen-

stein) or potassium peroxodisulfate made from it

{Pietzsch - Adolph) was hydrolyzed. After intro-
duction of these processes, production (calcul-
ated as 100% hydrogen peroxide) increased
‘steadily and, in 1950, reached approximately
{30—35) x 10 t annuaily [13].

Organic Antoxidation Processes. The decisive
breakthrough in industrial production of hydro-
gen peroxide, which enabled the construction of
tnodern large-scale plants, came with the devel-
opment of organic autoxidation processes, espe-
cially the anthraguinone process.

In 1901, ManchoT discovered that hy-
droquincnes {or hydrazobenzenes) react quanti-
tatively with oxygen to form quinones (or
azobenzenes) and hydrogen peroxide [14]. [n

Vol. A13

1932, WALTON and FILsoN in the United States
went back to this work and proposed a cyclic
precess for the manufacture of hydrogen perox-
ide based on azobenzene—hydrazobenzene [15].

PrLriperer of [.G. Farbenindustrie AG,
Ludwigshalen (RASF), subsequently developed
a process for the alkaling autoxidation of hydra-
zobenzene in which sodium peroxide is obtuined
instead of free hydrogen peroxide [16]. This pro-
cess was used on an industrial scale by Kymmene
AB in Kuusankoski (Finland) under BASF li-
cence (see Section 4.4.3).

The azobenzene process showed two major
technical drawbacks: hydrogenation of azoben-
zenc was performcd with sodium amalgam
whereas oxidation of hydrazobenzene proceeded
satisfactorily only in alkaline solution. PFLEIDER-
kR and RIEDEL overcame these problems by using
alkylated anthraquinones instead of azobenzene.
Between 1935 and 1945, BASF developed the
Riedel-Pfleiderer process (generally referred to
as the anthraquinone or AO process) in a pilot
plant with a monthly output of 30 t. At the end
of World War I1, this work was stopped in Ger-
many becunse of Allied Control Commission
Regulations, bul it formed the basis for all pres-
ent production processes. In 1953, Du Pont of
Memphis, Tennessee, commissioned the first hy-
drogen peroxide production plant based on the
AQ provess, Several other compunies began to
produce hydrogen peroxide by this process, and
production capacity increased greatly. In 1987, jt
was estimated to be 105t (calculated as 100%
H,0,} per year [17).  ~

Another orpanic autoxidation process, the 2-
propanol process, used by Shell in Norco (Unit-
ed States) between 1957 and 1980, made only a
limited contribution to the increase of hydrogen
peroxide production with un annual preduction
capacity of about 15000 t.

2. Physical Properties

Hydrogen peroxide [7722-84-1], M, 34.016,
is a clear, colorless liguid which is miscible
with water in all proportions. Hydrogen perox-
ide and highly concentrated aqueous solutions
(>>65 wt%) are soluble in 4 variety of organic

-solvents such as carboxylic esters.

Hydropen peroxide and water do not form an
azeotropic mixture #nd, in theory, can be sepa-
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Hydrogen Peroxide
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Figure 2. Partial pressure of hydropen peroxide over
aquecus hydrogen peroxide solulions

3. Chemical Properties

Dissociation., Hydrogen peroxide is weakly
acidic in agueous solution, with a dissociation
constant of 1.78 x 10712 (pK 11.75) at 20°C. As
a weak acid, hydrogen peroxide forms salts with
various melals,

Oxidation and Reduction. Hydropen peroxide
can behave both as an oxidizing and as a redue-
ing ugent (Tables 3 and 4). Systems with a redox
potential £, < — 1.80 V at pH 0 cannot be oxi-
dized by hydrogen. peroxide; systems with a re-
dox potential E, > — 0.66 V at this pH cannot
be reduced by hydrogen peroxide [6), [20].

Decomposition of hydrogen peroxide oceurs
with disproportionation

1,0, — H0 + 1720,

and is extremely important in handling hydrogen
peroxide during storage and in the laboratory.
This reaction is highly exothermic (sce Chap. 2)
and takes place in the presence of small amounts
of catalyst even in aqueous solution. In the ab-

Mele fraction of H,0, in vaper phasé

Temperature, °0 —m

Vol. A13

(=2

1 1 1 1 i
0 0.2 0.4 0.6 0.9 1.0
Mole fraction of H,0, in liquid phase — =

Figure 3, Vapor liquid equilibriom curve for water=hy-
drogen peroxide
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Hy0, concentrakion, wi%e ——m
Figure 4. Freezing point curve for waler-hydrogen perox-
ide

Table 3. Hydrogen peroxide as an oxidizing agent [20]

Redox reaction Standard
. potential
E,. v+
pHD
.HOOH42H'+42e” -—— 2HOH -+1.80
HSO; + HOH — SO2™ + 3H* +2¢~  —047
NO; | HOH —NOj +2ZH™ +2e" —0.94
2C17 v Cly+ 2e” . —1.36
2Br~ > Br,+2e” : —1.07
1T 4 2e —0.54
PH 14
HOOH +2e” — 20H" . +0.87
Mn(OH);-1 20H »
MnO(OR), + HOH + 2e~  +0.05

* Standard potentia! of redox reactions Eo.m.mEnn_ ugdingt a
hydrogen electrode (23 °C, 100 kPa). :
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448 Hydrogen Peroxide

Solvent mixtures
Polyalkylated benzenes and alkyl _u:.u%_.mpnm [26}
. Polyalkylated benzenes and tctraalkyl vreas [32]
Trirnethyl benzenes and alkyleyclohexanol esters {25]
Methylnaphthalene and nonyl alechols [27]

The following criteria must be fulfilled when
choosing solvents and preparing solvent mix-
tures:

1) good solubility of both quinonc and hydroquinone

2) pood stability in the bydrogenator and oxidizer

3) low solubility in water and aqueous En«omn: peroxide
solutions

4) sufficiently higher density than water 10 ensure separa-
tion of the two phases during cxtraction

5) low volatility, 1.c., high boiling point and fiash point

6) high distribttion coefTicient for hydrogen peroxide in
the solvent—water system

7) low toxicity

Quinones, Criteria similar to those used for
selecting solvents also apply to the quinone or
quinone mixture, which is used as the working
compound: '

1) good solubility of the quinont form
.2) guud solubility of the hydroguinene form

3) good resistance to exidatfon
4) good availability

The choice of quinone, depends mainly on
the properties, especially the solubility, of the
products formed in the AQ process. Examples of
working compounds proposed in the patent liter-
ature are 2-ethylanthraquinone [84-51-5] [34], 2-
tert-butylanthraquinone [84-47-9] [35], eutectic
mixtures of alkylanthraquinones [36], and mix-
tures of 2-amylanthraquinones [37].

The formation of degradation products and
their ability to be regenerated to active quinones
also play a rele in the decision. In addition to
hydroquinone formation, a number of second-
ary reactions occur during the hydrogena-

tion step; of these, hydrogenation of the an-.

thraquinone ring system is particularly impor-
tant. One ring of the anthrequinone molecule,
preferably the one that is not substituted by an

ulkyl group, is hydrogenalted.
OH
el
O-W

o
W ﬁ.mr
OCl
e]

2- Alkyl-5,6,7,8 -tetrahydro-9,10 - dihydroxyan-
thracene is formed, which is also oxidized by ox-
ygen to regenerate the 2-alkyl-5,6,7,8-tetrahy-
droanthraquinone (known as “tetra™), with
simultaneous quantitative formation of hydro-
gen peroxide.

Vol. A13

~oR _ R :
o, — LT vmo,
. |

"Tetra”

OH

OH

Although “tetra™ is more readily hydro-
genated than a 2-alkylanthraquinone, the result-
ing *“tetra® hydroquinonc is much more difftcult
to oxidize than the readily oxidizable anthrahy- .
drequinone.
The formation of :3:&: in the synthesis

. loop depends on process conditions and has led

to two methods for carrying out this process—
the “anthra™ system and the “all-leira”™ system.

. Anthra System. The slower oxidation rate of
the “tetra” hydroquinone causes difficulties in
the oxidizer. Actions have, therefore, been pro-
posed which suppress the formation of “tetra™ or
to dehydrogenate it to anthraquinone.

When the *“tetra” content of the working so-
lution is kept low (i.e., if 2-alkylanthrahydro-
quinone is formed almost exclusively during hy-
drogenation), the process is referred to as the
“anthra™ system.

“Tetra™ formation is suppressed by using se-
lective catalysts [38], special solvents [39), special
working compounds [40], and mild hydrogena-
tion conditions [41] (e.g., the use of olefing has
been recommend for the steady dehydrogenation
of “tetra” [42]).

“Tetra” cun be mm_d.&.ommum_& in the pres-
ence of active aluminum oxide:"

0 o]

R AL, & R

3 . —

o o
OH

: R

(I

OH

When the “anthra” system is used, tautomeric

Z-alky!-10-hydroxy-9-anthrone (oxanthrone) is
also formed during hydrogenation [13], [43]:

o] A o]
R g, H, R
igeill |
e =
Q OH
Oxanthrone
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450 Hydrogen Peroxide
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Figore 5. Production of hydrogen peroxide by (he anthraquinane {(AQ) process

a) Storage tank for working solution or hydrogenator feed tank; b) Hydrogenator; ¢) Sufely filtration; d) Oxidizer;
e) Separator; f) Activated carbon adsorber; g} Fxtraction; h) Drying; i) Prepurification; j) Crude product storage tank;
k) Hydrogen peroxide concentration; 1) Hydrogen peroxide storage 1ank; m) Demineralized water fecd tank: o) Regener-
ation and purification: o) Solvent storage tank; p) Working solution muke up lank; 4) Catalyst regencration

Hydrogenation. From the storage tank or hy-
drogenation feed tank (a), the working solution
enters the hydrogenator (b) where it is hydro-

genated in the.presence of a suspended, support-

ed, or fixed-bed catalyst.

[f a suspended catalyst (e.g., palladium black
or Rancy nickel) or a supposted catalyst (e.g.,
palladium) is used, the hydrogenation step in-
cludes a main filtration stage which retains the
catalyst and allows it to be returned to the hydro-
genator. The heat of reaction released during hy-
drogenation ¢an be removed (1) before hydro-
genation (by cooling the oxidized working
solution), (2) during hydrogenation (by cooling
the reactor) or (3} after hydrogenation (by cool-
ing the hydrogenated working solution).

Oxidation. Before the hydrogenated working
solution that contains hydroquinone can be fed
to the oxidation step, it must pass through a

- safety filtration stage (). This is particularly im-
portant because the hydropenation catalysts
used in the AO process (palladium and Raney
nickel) also catalyze the decomposition of hydro-
gen peroxide. Even a small amount of these cata-
lysts in the oxidation and extraction steps would

lead to considerable loss of hydrogen peroxide
and serious disturbances.

During the oxidation step (d), the hydro-
genated working solution is gassed with air. Dis-
solved hydroquinones are oxidized to-quinanes,
and hydrogen peroxide is formed.

After the working solution has been separat-
ed (g,), air from the oxidation step passes over
activated carbon adsorbers (f), and adsorbed sol-
vent is recovered from them. Several adsorbers
are usually loaded and regenerated alternately,
for example, with steam.

Extraction and Recovery of the Working Solu-
tion. The oxidized working solution is then treat-
ed with water to extract hydrogen peroxide (g).

~ The working solution leaving the extraction
unit must be adjusted to a specific water content
before being returned to the hydrogenation step.
Free water tuken up by the working solution dur-
ing extraction is separated {e,) and the water
content 1s adjusted to the desired level in the drier
{h).

To purily the working solution and regener-
ate the quinone decomposition products into ac-
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