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The chemical yield of hydrogen peroxide and the anthraquinone per process

cycle is very high, but other secondary reactions necessitate regeneration of

the working solution and hydrogenation catalyst, and the removal of organic
material from the extracted hydrogen peroxide.

The first commercial-scale anthrahydroquinone autoxidation process in the
United States was put into operation by E. I. du Pont de Nemours & Co., Inc.
(Memphis, Tennessee) in 1953, followed by FMC Corporation (West Virginia),
LaPorte Chemicals, Ltd. (U.K.), Degussa (Germany), Mitsubishi-Gas Chemical
Co. (Japan), and others,

Working Solution Composition. The working solution in an anthraquinone
process is composed of the anthraquinones, the by-products from the hydrogena-
tion and oxidation steps, and solvents. The solvent fraction usually is a blend
of polar and aromatic solvents which together provide the needed solubilities
and physical properties. Once the solution has been defined, its composition and
physical properties must be maintained within prescribed limits for achieving
optimum operation.

Each working solution has an inherent maximum capacity which depends
on the anthraquinone, anthrahydroquinone, water, and hydrogen peroxide solu-
bilities. The capacity is defined as the maximum amount of hydrogen peroxide in
8/L of working solution that can be produced per process cycle. The theoretical
production capability of the process is the product of this capacity and the work-
ing solution flow rate. Usually the limiting factors are the solubilities of the an-
thrahydroquinones and hydrogen peroxide and the distribution coefficient of the
working solution—Hy05—water system. The capacity can be altered somewhat

by using various substituent, groups on the anthraquinones or a combination
of them with various solvents. The working solution and each of its individual
ingredients should be chemically stable throughout the process cycle. Although
the principal hydrogen peroxide producers have only used 2-ethylanthraquinone
(EAQ), 2-tert-butylanthraquinone (BAQ), and a mix of branched isomers 2-tert-
and 2-iso-sec-amylanthraquinones (AAQs), other compounds have been patented
(41-44) for use in autoxidation processes. Whereas the anthraquinones are
usually monosubstituted at the 2-position, the literature includes examples
of C-1 substituents as well as 1,2-disubstituted alkylanthraquinones and
naphthoquinones.

The solvents must be nontoxic and reasonably high boiling to minimize
vapor emissions and the subsequent effect on the environment, possess a flash
point and physical properties (density, viscosity, diffusivities) consistent with
planned operating conditions, have reasonable solvency for hydrogen and Oxy-
gen, be relatively nonreactive and resistant to oxidative attack, and be nearly in-
soluble in the aqueous extract, yet favorably partition so that a reasonably high
strength hydrogen peroxide solution can be safely extracted. Alcohols, ureas,
amides, caprolactams, esters, and pyrrolidones have been used or cited in the
literature as usable polar solvents. Table 4 lists the working solution compo-
nents of the principal U.S. producers. Although a high distribution coefficient
increases the extraction step efficiency, if too high it creates potential safety
problems; especially if a free phase forms as a result of slightly exceeding the
water solubility of the oxidized but unextracted working solution. The distribu-
tion coefficient is defined as weight of solute per unit weight of extract, divided
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The catalyst must be active, selective, and stable over a rather long life-
span. Slurry-type catalysts are easy to remove and add without need for a process
shutdown. These can therefore be rejuvenated by various external means and
returned to maintain average catalytic activity at a reasonably high level. Al-
ternatively the hydrogenation system can be started at relatively low catalyst
concentration and more catalyst added as necessary to maintain the desired re-
sult. As long as the deactivated catalyst does not adversely impact the chemistry,
this type of operation can continue until the concentration of catalyst reaches a
level where maintaining suspension is limited by system energy input. The cat-
alyst is then removed, rejuvenated, or processed for metal recovery and the cycle
repeated (see CATALYSTS, REGENERATION). A fixed-bed-type hydrogenator is not
burdened by suspension difficulties. If the palladium remains fixed and the sup-
port resists attrition, the preoxidation filtration- needs should be less stringent.
Maintaining favorable chemistry impact as the bed slowly deactivates is a prime
consideration, given the high cost of the anthraquinone species. Periodically the
hydrogenator must be shut down either to replace a portion of the bed or for
in situ rejuvenation of the entire bed.

The Raney nickel catalyst used in the original Riedl-Pfleiderer process was
active, caused excessive ring hydrogenation, was easily deactivated by oxygen or
hydrogen peroxide, and was pyrophoric. The use of a palladium catalyst, used
by all principal producers as of this writing, avoids the problems associated with
Raney nickel. It can be used as palladium black, as wire screen or gauze, Or
supported on a carrier for use in slurry or fixed-bed applications. The activity
and selectivity of supported catalyst are influenced by both chemical and physical
properties of the support and perhaps even more by the preparation procedure.
The supports generally have a high crush strength and are reasonably smooth
and rounded to resist attrition, abrasion, and fracturing. A truly round support
with minimum asparities and with an aspect ratio near 1.0 would be ideal
to avoid attrition. Treating the palladium-supported catalysts with hydrogen
at high temperature or adding other platinum group metals to the palladium
reportedly improves selectivity.

The most recent and novel fixed-bed-type hydrogenator utilizes a honey-
comb monolith having alumina- and silica-modified surfaces on which palladium
has been deposited (62). The design is claimed to offer excellent long-term sta-
bility and mass-transfer characteristics. A hybrid tubular design incorporating
static mixing to improve hydrogen mass transfer has also been claimed (63).

Oxidation. The hydrogenated working solution, which has been filtered or
in some other manner freed of catalyst, is oxidized by the noncatalytic reaction
with an oxygen-containing gas, which is usually filtered and compressed ambient
air. Oxygen or oxygen-enriched air can be used but avoidance of the obvious
hazards become more complicated. (None of the principal producers use oxygen
or oxygen-enriched air.) Either co- or countercurrent flow of gas and liquid in a
single- or multistage system with or without packing or trays can be employed.
With coflow up, liquid holdup is maximized, but the design may permit high
strength aqueous-phase hydrogen peroxide that separates from the solution to
drain back down the vessel walls and collect in the base. Such a solution can
approach the theoretical maximum concentration as controlled by the system
operating titer and distribution coefficient and could become a serious safety
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and the height of the coalesced layer beneath the tray permitted to vary, thus
providing the needed pressure drop for flow.

Liquid system properties including density, viscosity, and interfacial
tension, together with design factors including orifice size and mass flow rate,
influence droplet formation, transport surface area, and droplet coalescence.
Considerable engineering research has been conducted in Europe on sieve tray
column performance and design factors (68,69). For most working solutions
the optimum individual tray hole diameter is 2.5-3.0 mm. Tray spacings are
best determined experimentally. Hydrophobic netting made from polyethylene,
polypropylene, poly(vinyl chloride), and polytetraﬂuomethylene has been used in
the working solution layer beneath the trays to aid aqueous droplet coalescence
and separation.

Hydrogen peroxide can also be recovered directly from the working solu-
tion by vacuum distillation or by stripping with organic solvents. The organic
solutions obtained by solvent stripping can be used to prepare peroxycarboxylic
acids or they can be extracted with water to obtain aqueous hydrogen peroxide
of higher strength. The use of extract water containing sodium metaborate has
been claimed to give sodium perborate, or that containing aliphatic carboxylic
acids to give peroxycarboxylic acid. Other patents describe transfer of hydrogen
peroxide from one solvent to another.

Working Solution Regeneration and Purification. Economic operation of
an anthraquinone autoxidation process mandates frugal use of the expensive
anthraquinones. During each reduction and oxidation cycle some finite amount
of anthraquinone and solvent is affected by the physical and chemical exposure.
At some point, control of tetrahydroanthraquinones, tetrahydroanthraquinone
epoxides, hydroxyanthrones, and acids is required to maintain the active an-
thraquinone concentration, catalytic activity, and favorable density and viscosity.
This control can be by removal or regeneration.

Treating the working solution or isolated quinone mixtures with a dehydro-
genation catalyst converts the tetrahydroanthraquinones to the corresponding
anthraquinone. Treating with an olefin in the presence of hydrogenation cata-
lysts converts oxanthrones and minor amounts of tetrahydroanthraquinones
back to the corresponding anthraquinone (1) (70). Treating the working
solution with activated alumina or sodium aluminum silicate at moderate
temperature (60—-90°C) in the presence of a proton source such as the an-
thrahydroquinone (2) converts some of the tetrahydroanthraquinone (3) to the
corresponding anthraquinone, tetrahydroanthraquinone epoxide (9) to the cor-
responding tetrahydroanthraquinone epoxy aleohol, and oxanthrone to the cor-
responding anthraquinone. Total conversion of the tetrahydroanthraquinone

epoxide also requires dehydration of the intermediate epoxy alcohol. Other pro-
cedures for working solution regeneration include treatment with alkali, acids,
metal oxides, chlorides, silicates or aluminosilicates, and dithionates, with oxy-
gen, ozone, or purifying by washing with water. In situ oxidative regeneration
of anthrone upon addition of small amounts of N, N-di-n-butylaniline to the
working solution is claimed (71).
Recovery of working solution components includes recrystallization of the
anthraquinones, extraction of crude mixtures with lower alcohols, use of anion-
exchange resin, or isolation of the hydroquinones (71). Dilution of a heavily
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purified by scrubbing with solvent, passed through both anion- and cation-
exchange resins, and stabilized. Several modifications, special materials of con-
struction treatments, and use of other secondary reactions have been noted
(75-177).

In the former USSR, there reportedly are two technologies in use; one
is old anthrahydroquinone autoxidation technology and the other is closed-
loop isopropyl alcohol oxidation technology. Production facilities include several
smaller, 100—150-t/yr isopropyl aleohol oxidation plants and a larger, 15,000~
t/yr plant, which reportedly is being expanded to 30,000-t/yr. Differences in
this technology as compared to the Shell Chemical Co. process are the use of
oxygen-enriched air in the oxidation step and, catalytic reduction of the coproduct
acetone back to isopropyl alcohol per equation 21.

(CH3),C=0 + Hy — (CH3),CHOH 21

Alcohol oxidation patent activity in the 1980s and 1990s by ARCO (78-83)
involved the oxidation of methylbenzyl alcohol [98-85-10] (sec-phenethylalcohol)
to acetophenone [98-86-2] and hydrogen peroxide. Methylbenzyl alcohol is the
main coproduct of propylene oxide [75-56-9] (qv) produced from propylene [115-
07-11 (qv) and ethylbenzene hydroperoxide [3071-32-7]. The last is produced by
the oxidation of ethylbenzene [100-41-7]. Methylbenzyl alcohol has no significant
market value and as of this writing is dehydrated to styrene (qv). Acetophenone
is the main by-product and is catalytically hydrogenated back to methylbenzyl
alcohol. In the process, ethylbenzene hydroperoxide is catalytically decomposed
to methylbenzyl alcohol and hydrogen peroxide, which is then separated by distil-
lation and extraction. The methylbenzyl alcohol is oxidized by molecular oxygen
in liquid phase, giving acetophenone and hydrogen peroxide. After separating
the hydrogen peroxide, the acetophenone is hydrogenated back to methylbenzyl
alcohol completing the cycle, as shown in equations 22 and 23.

CgH5CH(OH)CH;3 + Oy — CgH5COCH;3 + H02

CgH5COCH3 + Hg — CgH5CH(OH)CH3 (22)

to give the net reaction

Hy + 0y — H309 (28)

As of this writing, the process has not been commercialized, but apparently the
alcohol can be separated from its propylene oxide coproduct process to maintain
an economically competitive position. The formation of organic hydroperoxides
is a concern, as it was in the Shell process.

Hydrocarbon Autoxidation. Hydrogen peroxide can be prepared directly
by the vapor-phase partial oxidation of hydrocarbons and indirectly from several
hydrocarbon hydroperoxides. Although many patents have been granted, non-
processes are known to be practiced on a commercial scale. These vapor-phase
oxidation processes generate a great number of by-products which complicate



*

978 HYDROGEN PEROXIDE
Vol. 13
th i i
m: t}:igosv?:ir,ri\cl;i’fi(;atﬁn, ar;)d concentration of the hydrogen peroxide. Several
tethods 'y have been listed in the li i i " i
d!stllloatlon fJf the crude reaction mixture usineg zzzz?ctl;;é paresion ot
taiel ;g};x;l;ciybil:pgromdegcan bg prepared by liquid-phase oxidation of se-
ogen paeaebon s utx‘ relatively high yield. Several cyclic processes for hy-
e e (86*88311(1111 actfure from hydroperoxides have been patented (84 85};
P e a8 h;;c;lo'lbee the reaction of zer¢-butyl hydroperoxide with ‘suI’
] 5
= gen peroxide and coproduct tert-butyl alcohol or fers-
Nitro idati
don o hyg::ﬂit;:lpound AthXIdatlon. Cyclic processes based on the oxida-
e ooy zenbe and dihydrophenazine to give hydrogen peroxide and
-k dufi az(iN enzene—phenazine were developed in the United States
b iy rtlﬁe a(])jrsgrg:;fdﬂ. HQwever, these processes could not compete
v roquinone autoxidation
s 1 process.

prodchdr;)lf:e rof l;leroxycarboxyhc Systems. Peroxyacetic acid [79-21-0] is

oy : cially by the controlled autoxidation of acetald hyd
er hydrolytic conditions, it forms an equil o otk o

S, ( ibrium mixture with acetic aci
ydrogen peroxide. The hydrogen peroxide can be recovered from thce ammi(}i(tzri

by extracti istillati ipi

b Zrbonatcit:;ew ?;Jsjtxlla{;alon ({39)'or by precipitating as the calcium salt followed b

o g T :;5 lon dioxide. These methods are not practiced on a commelr)i

i e'stel-if a ely, the peroxycarboxylic acid and alcohols can be treated

P L oot Syl AI\IgDcatalyst to form Hy0; and the corresponding ester (90,9
PEROXY COMPOUNDS). .

ELECTROLYTIC METHODS

The i

o See gli(r:‘tr(()llﬁlgep;if:;s:gs for commgrcial production of hydrogen peroxide are

e 1d§ nin of sul'f'urlc acid or sulfates to peroxydisulfuric acid

e hy(:lmlys]_spof t}}:y isu. fate_s) WIth the formation of hydrogen and (2) the dou-

ey ok e '}:ieroxydlsul.furlc acid (peroxydisulfates) to Caro’s acid and

. hydrog dpb oxide. To avm'd electrolysis of water, smooth platinum elec-
sed because of the high oxygen overvoltage. The overall reaction Pi:

2 HOH + electrical energy — HOOH + Hy (24)

Thi i i
is electrolytic process technology is no longer used because of the extensive

and continuous electrolyte puri ion needs, t] Wer T -
purificatio: i i
, Irol .4 needs, the high capital and power equire

& d
autoxidation processes. ¥ to compete with large-scale anthrahydroguinone
The Huron-
of he catho;i'c‘ ?:(;ﬂllml’t;::eos:.oxg‘;en Hmon-Dolvlz (lﬂ-D) process is a refinement
strength . . in an alkaline electrolyte yieldi
gth hydrogen peroxide directly. Earlier attempts relied onyneuﬁill‘ii;?ngg 1’:1;:

excess caustic or forming insol i
e ot g insoluble metal peroxides (92). The two reactions in-

C
athode Oz + Hy0 + 2¢~ —= OH™ + HOO™ (25)

where oxygen is reduced, giving hydroxyl and perhydroxyl ions, and

Vol. 13 HYDROGEN PEROXIDE 979

Anode 2 OH™ — Y5 02 + H20 + 2 ¢ (26)

where hydroxyl ion is oxidized, giving oxygen and water. The net reaction, in
absence of losses, requires passing 2 F of electricity (192,978 C) through the
solution to produce 1 mol of hydrogen peroxide.

The H-D process development, begun in the early 1980s, is intended for
on-site production of dilute alkaline hydrogen peroxide for direct use in the pulp
and paper industry. Operated on a pilot scale for many years, it was commercial-
ized in 1991 when improvements in the electrolytic cell design and its current
efficiency were achieved (93—100). The newest cell design (94-96) consists of a
porous cathode and a platinum-coated titanium anode separated by a diaphragm
and an ion-exchange (qv) membrane (see MEMBRANE TECHNOLOGY; METAL AN-
oDES). The diaphragm consists of multiple layers of a porous polypropylene com-
posite, which assures uniform flow of the electrolyte. The electrolyte enters near
the base of the anode, and the product solution exits near the base of the cathode.
Oxygen gas enters near the top of the porous cathode, and oxygen made through
the anodic oxidation of hydroxyl ion exits the top of the anode compartment. The
ion-exchange membrane is claimed to control the migration of ions into and out
of the cathode compartment, reducing peroxide losses and improving the current
efficiency. This latter is claimed to be 95% for the electrolysis.

Because the electrolyte contains excess alkali which could cause sponta-
neous decomposition of the hydrogen peroxide, the HzOz in the product solution
is limited to 30—40 g/L. The chelating agent (ethylenedinitro)tetraacetic acid
(EDTA) is added at up to 0.5 g/L to protect against tramp metal ion induced
decomposition (96). For use in a pulp (qv) mill it may be necessary to blend with
purchased hydrogen peroxide to achieve the proper ratio of caustic to hydrogen
peroxide (see ELECTROCHEMICAL PROCESSING, INORGANIC).

OTHER METHODS

Direct Combination of Hydrogen and Oxygen. Hydrogen peroxide can
be formed directly by thermal, electric-discharge, or metal-activated reaction
between hydrogen and oxygen. Silent electric discharge processes have been
patented but the power requirements are too high for commercial use. Since
about 1910, the study of forming hydrogen peroxide by directly combining the
elements has challenged researchers. Investigations during the 1960s and 1970s
focused on platinum-group metal-catalyzed processes (101-106). More recent in-
vestigations have included use of homogeneous catalysts such as organic com-
plexes of palladium, iron and platinum, iridium, and the use of promoters
(107-109); heterogeneous catalysts using acidic aqueous solutions and some ad-
ditives (110—118); and those processes using heterogeneous catalysts and organic
solvents including acetone, methanol, fluorocarbons, and acetonitrile (119-121).
Platinum-group metal carriers have included hydrophobic materials such as
Teflon, polyethylene, polypropylene, and polystyrene (109); silicic acid (106); and
carbon, charcoal, silica, and alumina (116).

In Du Pont patents (116) the catalyst is prepared by spray-drying a mixture
of colloidal silica or other carriers and Pt/Pd salts. Aqueous hydrogen peroxide
solutions up to 20 wt % are reported for reaction conditions of 10-17°C and




