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Abstract:

Almost all hydrogen peroxide manufactured worldwide comes from the anthraquinone (AO)
process, yet the technological problems of that process are studied as separate, largely
disconnected topics. This review classifies those problems along the process chain and maps the
causal links between them, using a corpus of 46 sources whose digital object identifiers were
individually verified against the Crossref and OpenAlex registries. The problems of the
hydrogenation, oxidation, extraction and distillation stages prove not to be independent: they
converge at system level on four outcome indicators reagent and adsorbent consumption, explosion
and fire hazard, energy intensity, and wastes and emissions. Eight causal links documented in the
reviewed literature are distinguished from three that remain hypotheses and require measurement:
the effect of residual hydrogen peroxide returned from extraction on catalyst activity, the effect of
water accumulating in the working solution on carrier degradation, and the feedback of
degradation products on the attainable hydrogenation degree. Together these three close a self-
reinforcing loop which, if confirmed, would explain a slow but progressive deterioration of plant
performance. Six topics yielded no source meeting the inclusion criteria: solvent losses and
volatile organic compound emissions from the solvent-recovery vent; water and residual hydrogen
peroxide treated as independent variables; leaching of palladium into the working solution; inert
accumulation and purge policy in the hydrogen loop; aqueous effluent streams of an AO plant; and
membrane reactors for hydrogenation. To make the hypotheses and gaps testable, a fifteen-item
data-collection protocol is proposed that specifies for each item the measured quantity, analytical
method, unit, target precision, sampling point, frequency and the specific link it tests, allowing the
review to be connected directly to laboratory or plant data obtained later.
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Introduction

Hydrogen peroxide is an oxidant used across the pulp and paper, textile, chemical, mining and water-
treatment industries, and its decomposition leaves only water and oxygen; the technology of its
manufacture and its properties are set out in the encyclopaedic literature [1]. Industrial production
rests almost entirely on a single technology, the anthraquinone process, whose position relative to
possible successors has been examined in a dedicated outlook [2], while the role of hydrogen
peroxide in sustainable chemistry has been argued separately [3]. Theofanidis et al. compared the
candidate alternatives direct H, + O, synthesis, electrochemical, bioelectrochemical and plasma
routes against energetic, techno-economic, life-cycle and safety criteria and concluded that there are
at present no real challengers to the AO process at industrial scale, that the alternatives are better
suited to on-demand, local production, and that the climate impact of the AO process is significant
because hydrogen is usually obtained by steam reforming of methane [4]. Any improvement in
industrial hydrogen peroxide manufacture must therefore be sought inside the AO process rather than
around it.

In this process hydrogen and oxygen never meet directly: they are combined through an
alkylanthraquinone carrier in two consecutive and chemically independent steps. The carrier is
hydrogenated over a palladium catalyst to the corresponding hydroquinone, then oxidised by
atmospheric oxygen back to the original quinone, and it is at this second step that hydrogen peroxide
is formed; the product is separated by extraction with water while the working solution (WS) returns
to the loop.

The safety advantage of this arrangement is evident hydrogen and oxygen are never mixed in one
vessel. The same arrangement, however, is the source of every technological problem the process
has. The carrier and the solvents form a material inventory that circulates inside the plant, ages
gradually and must eventually be replaced; the catalyst loses activity and has to be regenerated; air,
as the oxygen source, is a stream of small useful effect but large mass; and concentrating the product
requires vacuum operation on a thermally labile substance.

Each of these problems has been studied individually, and in considerable depth. Hydrogenation
kinetics, deactivation mechanisms, support effects and over-hydrogenation of the aromatic ring have
been investigated consistently. Slurry, trickle-bed, monolith and microchannel solutions have been
compared for reactor design and intensification. Carrier degradation, working-solution ageing,
regeneration of degradation products and solvent composition have become a research direction of
their own. The kinetics and molecular mechanism of the oxidation step have been examined.
Process-safety questions systemic risk, explosion characteristics of peroxide—working-solution
mixtures, the influence of impurities on runaway decomposition, limiting oxygen concentration
(LOC) and thermal runaway in activated-carbon beds have been treated in a growing body of work.
Resource intensity, palladium recovery and the environmental burden are being assessed through
life-cycle analysis and through comparison with direct and electrochemical synthesis. Each of these
bodies of work is cited individually in Section 3, where the corpus is set out problem by problem.

These investigations, however, are conducted in isolation from one another. In catalytic studies the
water content of the working solution often remains an uncontrolled factor; safety studies do not
consider how changes in the hydrogenation section affect off-gas composition; and in environmental
assessments the internal loss mechanisms disappear into aggregated indicators. The question that
matters most in practice what a change in one stage changes in another is therefore left open.

This review has three aims. The first is to classify the technological problems of the anthraquinone
process systematically along the process chain. The second is to separate the causal links between
them and to state openly how well each link is supported by the literature. The third is to propose a
concrete data-collection protocol for testing the gaps and hypotheses identified, so that the review
can be connected directly to measurement data obtained later.
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The work draws on no internal documents or design data of any industrial facility; every statement
rests on openly published, DOI-verified sources.

Materials and Methods

Search strategy and inclusion criteria. The search was conducted with English-language keywords:
anthraquinone process, hydrogen peroxide production, 2-ethylanthraquinone hydrogenation,
palladium catalyst deactivation, working solution degradation, limiting oxygen concentration, carbon
bed thermal runaway, hydrogen peroxide life cycle assessment, and their combinations. Inclusion
criteria were: (a) a peer-reviewed journal article or an authoritative encyclopaedic entry; (b)
possession of a DOI; (s) direct relevance to a problem of the anthraquinone process. Conference
abstracts, patents, manufacturers' technical materials and non-peer-reviewed reports were excluded.
Patents are the primary source on some topics, such as the regeneration of degradation products, but
they cannot be placed on the same footing as peer-reviewed work; they therefore remain outside the
corpus, and this exclusion is recorded as a limitation. The final corpus comprises 46 sources,
published between 1983 and 2025, with a median year of 2013; 48 % appeared in 2015 or later. By
problem area the corpus divides as follows: catalyst and selectivity 13 sources (28 %), process safety
10 (22 %), resource intensity and environment 6 (13 %), general and encyclopaedic 5 (11 %), reactor
design and intensification 5 (11 %), carrier degradation 4 (9 %) and the oxidation step 3 (7 %).

Verification of sources. The DOI of every source was checked through the Crossref and OpenAlex
registries, and the bibliographic description (authors, title, journal, volume, pages, year) was
compared against the record returned. Sources whose DOI did not resolve, or whose description did
not match the record, were not included.

Strength of claims. A common weakness of reviews is that a specific result is attributed to a source
on the strength of its title alone. To avoid this, three levels of claim are distinguished throughout this
review. At the first level the full text or the abstract of the source was read and a specific result is
cited; nine of the 46 sources are used in this way, and every numerical value quoted in the text comes
from one of them. At the second level the bibliographic existence of the source is verified but its
content was not read in full; such a source 37 of the 46 is cited for the subject of the study only, and
no numerical result is attributed to it. At the third level the statement is a hypothesis advanced within
this review; it rests on no source, is named as a hypothesis where it appears, and must be tested by
measurement. The same distinction governs the causal map presented below: documented links are
drawn as solid lines, hypothesised links as dashed lines. Each source is cited exactly once, at the
point at which its content is used; citation numbers are never repeated and never grouped into ranges,
so the reference list follows the order in which the problems are discussed, and any later mention of a
source is made by naming its subject or the section in which it was cited.

Results

1. Classification of problems along the process chain

The overall map of the problems along the process chain is given in Figure 1.
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Figure 1. Stage-specific problems of the anthraquinone process and their system-level consequences.

Hydrogenation: catalyst and selectivity. The hydrogenation section governs the productivity of the
whole loop, because the amount of hydrogen peroxide formed in one cycle is limited by the
hydrogenation degree attained at this step.

Loss of palladium catalyst activity is the oldest and best-documented problem of the process.
Santacesaria et al. modelled kinetics, mass transfer and catalyst deactivation together for the
hydrogenation step [5]. Wang et al. studied the deactivation and regeneration of a Pd/Al,O3 catalyst
and showed that the loss of activity arises mainly from coverage of the palladium surface by
deposits, sintering not being the principal cause; among the regeneration methods examined,
treatment with hydrogen peroxide solution and with boiling water proved effective [6]. Poisoning
and deactivation mechanisms of palladium catalysts in general were systematised by Albers et al. [7].

The selectivity question was first posed systematically by Berglin and Schdon [8]. Although the
carrier quinone should be hydrogenated at its carbonyl groups, hydrogenation of the aromatic ring
also occurs on palladium; Santacesaria et al. studied this reaction specifically [9], and Drelinkiewicz
described "deep hydrogenation™ in the liquid phase over a Pd/SiO, catalyst [10]. The molecular-level
mechanism has been analysed by density functional theory [11].

Ring hydrogenation is not uniformly harmful. It yields 2-ethyl-5,6,7,8-tetrahydroanthraquinone
(THEAQ), which acts as an active carrier in the loop. As Kosydar et al. showed, two routes diverge
on the palladium surface: ring hydrogenation leads to the active tetrahydro derivative, whereas
hydrogenolysis produces irreversible degradation products; the same work also identifies the
chemical source of degradation precisely, namely that degradation is initiated by the reduced forms
of the carrier the hydroquinone and its tautomer 2-ethyloxanthrone [12]. The problem is therefore not
ring hydrogenation itself but control of the ratio between these two routes.

The catalyst support influences that ratio strongly. Drelinkiewicz et al. modified an alumina-
supported Pd catalyst with Na,SiO3 and found that the modification did not change the rate of the
main reaction but appreciably altered the side reactions leading to the tetrahydro derivative and to
degradation products [13]. Palladium dispersion has also been studied as an independent factor [14].
More recently the surface hydrophobicity of the support has been treated as a control parameter:
Zhang et al. showed that the hydrophobicity of Pd/SBA-15 can be tuned by varying the residual
carbon content, with the best performance at an optimum content [15]; work on hydrophobic

functionalisation [16], structured NiO/Al supports [17] and in situ synthesised palladium [18] follows
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the same direction.

Because hydrogenation is a three-phase gas—liquid—solid process, its rate is often limited by gas—
liquid mass transfer rather than by chemical kinetics. This limitation is being addressed through
trickle-bed [19], monolith [20], microreactor [21] and gas—liquid microdispersion [22] solutions.
Reviewing slurry reactor technology, Li et al. noted that the fluidized-bed arrangement gives lower
catalyst consumption, less anthraquinone degradation and higher catalyst utilisation efficiency than
the fixed bed [23]. General progress with heterogeneous catalysts is summarised by Ingle et al., who
conclude that supported metal catalysts offer better activity and selectivity with reduced degradation
[24].

Carrier degradation and ageing of the working solution. The working solution is the largest and most
expensive material inventory inside the plant, and its ageing is the long-term factor that governs the
economics of the process.

Drelinkiewicz and Waksmundzka-Gora identified anthrone and anthracene derivatives together with
their saturated isomers as degradation products and showed that palladium supported on alumina is
appreciably more active in degradation than palladium on silica or on carbon [25]. This is a result of
direct practical consequence: the choice of support determines not only activity but also the service
life of the working solution.

Part of the degradation products can be converted back to the active quinone. Industrially this task is
performed by a bed of activated alumina; Guo et al. proposed in situ synthesised solid base catalysts
for the same purpose [26]. The solvent composition of the working solution is a separate direction.
Bai et al. proposed N,N,N,N-tetrapropylmalonamide as the polar component and showed that it
increases the solubility of quinones and hydroquinones, the gas hold-up and the volumetric mass-
transfer coefficient, and raises the hydrogen peroxide yield per cycle relative to conventional
solvents [27]. Solvent choice therefore acts on hydrogenation kinetics indirectly but strongly.

Oxidation and the gas phase. The kinetics of the oxidation step were studied by Santacesaria et al.
[28], and its molecular mechanism analysed by Nishimi et al. [29] and by Korth and Mulder [30].

From a process standpoint, the principal problem of the oxidiser is the relationship between oxygen
utilisation and off-gas composition. Because oxidation is carried out with air, unreacted oxygen
leaves the system together with inert nitrogen. If oxygen utilisation falls, the oxygen fraction in the
off-gas rises. Since this gas is saturated with aromatic solvent vapour and passes through the
activated-carbon beds of the solvent-recovery unit, a rising oxygen fraction increases the fire hazard
directly. The second problem is solvent evaporation and the associated loss: the gas leaving the
oxidiser has been in prolonged direct contact with the working solution, so its solvent vapour content
approaches the equilibrium value, and recovering it requires a dedicated unit. No peer-reviewed
source on solvent losses and volatile organic compound emissions from the vent of an AO plant was
found within this review.

Extraction and concentration. In extraction, hydrogen peroxide is transferred from the working
solution into water. Equilibrium constraints mean that extraction is never complete: part of the
product remains in the working solution and returns with it to the hydrogenation reactor. This is the
origin of the central hypothesis of this review: the returned hydrogen peroxide may decompose on
the palladium surface. The activity of palladium in decomposing hydrogen peroxide is well known in
general, and the thermal safety of its catalysed decomposition has been assessed by dynamic analysis
[31]; but no peer-reviewed source was found that treats the residual H,O, returning in an AO loop as
an independent variable affecting catalyst activity and hydrogen consumption. A second
consequence of extraction is the transfer of water into the working solution. Water accumulating in
the loop would be expected to affect hydrogenation selectivity and carrier degradation; this link was
likewise not found as an independent subject of study. Concentration, finally, is thermally delicate.
Hydrogen peroxide decomposes on heating, so distillation is carried out under vacuum at low
temperature. This operation accounts for an appreciable share of the energy demand and is at the
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same time one of the most sensitive nodes from a safety standpoint.

Process safety. The safety aspects of the AO process were recently consolidated in the systematic
review of Meng et al. [32]. Three independent sources of hazard can be distinguished.

Hydrogen peroxide itself. Contaminated with metal ions or other impurities, hydrogen peroxide
becomes prone to uncontrolled decomposition. Eto et al. studied the influence of various ions [33]
and Wu and Qian the influence of organic and inorganic impurities in a batch reactor [34]. These
sources show that product purity is not a quality indicator but a safety indicator.

Mixtures of working solution and H,O,. Jia et al. studied the explosion characteristics of mixtures
containing hydrogen peroxide and working solution in the anthraquinone route [35] a source directly
relevant to the vessels of an AO plant in which the organic phase and the peroxide are present
together, namely the oxidiser and the extractor.

The gas phase and the carbon beds. The flammability of gas mixtures containing hydrocarbon vapour
is defined by the limiting oxygen concentration (LOC). Zlochower and Green reported measured
LOC values for nitrogen-diluted mixtures: 11.1 vol % for methane and 10.7 vol % for propane [36].
When these numbers are quoted, the measurement conditions must be stated: they were obtained in a
120 L chamber with nitrogen as diluent, a spark of about 58 J, and a 7 % pressure-rise criterion.
Because a strong ignition source was used, these values lie below the figures more commonly quoted
in handbooks (~12 vol %) and are therefore conservative from a safety standpoint. Britton et al.
systematised methods for calculating and estimating LOC [37], and Osterberg et al. measured LOC
experimentally for nine organic solvents, including an aromatic solvent, at temperatures and
pressures relevant to aerobic oxidation [38] (cited for the purpose of the study and the list of
solvents; its numerical values were not read within this review and are therefore not quoted). No
LOC value measured at process conditions for the specific aromatic solvent used in an AO plant was
found. The activated-carbon beds are an independent source of hazard in themselves: exothermic
oxidation of adsorbed organic material can cause the bed to self-heat [39], [40]. A rising oxygen
fraction in the off-gas therefore increases the hazard precisely at the most flammable node of the
system.

Resource intensity and environment. The environmental burden of the AO process arises from two
sources: the production of hydrogen, and the energy consumption of the process itself. The
dominance of steam-reformed hydrogen in the climate impact of the process, established in the
comparative outlook quoted in the Introduction, makes the first of these the larger term. Jia et al.
performed a life-cycle assessment of hydrogen peroxide with the hydrogen source as an explicit
variable [41]. From the standpoint of material flows two items stand out. The first is the regeneration
adsorbent: the alumina that retains degradation products is consumed and generates a solid waste
contaminated with organic matter. The second is palladium: recovery of palladium from spent
catalyst is a technological problem of its own, considered by Sarioglan for palladium catalysts
supported on activated carbon [42]. The alternative routes direct synthesis [43], [44] and
electrochemical synthesis [45], [46] are directed at exactly these problems of the AO process: its
multi-step character, the circulation of a carrier, and centralised production followed by transport.

2. Causal links between the problems

The problems set out above are individually well studied, but their interaction is rarely discussed.
Figure 2 presents the map of these links; solid lines denote links documented in the reviewed
literature, dashed lines the hypotheses advanced within this review that require confirmation by
measurement.
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Figure 2. Causal links between the technological problems of the anthraquinone process.

Eight links are documented, each of them by the sources cited for the corresponding stage in Section
3.1. Catalyst deactivation lowers the hydrogenation degree; a lower hydrogenation degree, at
unchanged air flow, raises the oxygen fraction in the off-gas; a rising oxygen fraction increases the
risk of self-heating in the carbon bed. Carrier degradation raises the consumption of the regeneration
adsorbent and of reagents, which becomes a solid waste stream. Excess hydrogen consumption acts
directly on energy intensity and carbon footprint.

Three links have not been studied independently in the literature but are significant from a systems
standpoint: (a) residual H,O, returned from extraction — catalyst deactivation decomposition of
hydrogen peroxide on the palladium surface and the associated change in oxidation state would be
expected to affect catalyst activity; (b) water accumulation in the working solution — carrier
degradation as a polar medium, water may affect the hydrogenolysis route; (S) carrier degradation —
decline of the hydrogenation degree a falling concentration of active quinone limits the productivity
of the loop.

3. Gaps in the literature
Six topics yielded no source satisfying the inclusion criteria:

1. Solvent losses and volatile organic compound emissions from the vent of the solvent-recovery
unit. Only manufacturers' materials were found on this topic.

2. Water and residual hydrogen peroxide in the working solution treated as independent variables.
These factors are commonly left as uncontrolled conditions.

3. Leaching of palladium into the working solution. Unlike the other deactivation mechanisms, no
guantitative study was found.

4. Inert accumulation and purge policy in the hydrogen loop. This question may be covered inside
the systematic safety review cited in Section 3.1, but no standalone study was found.

5. Aqueous effluent streams of an anthraquinone plant composition, quantity and treatment routes.

6. Membrane reactors for the hydrogenation step. The other intensification routes listed in Section
3.1 have been studied; a membrane solution was not found.

These gaps are of different kinds. Items 1, 5 and in part 4 are topics characteristic of industrial
practice but seldom covered in academic publications; the data exist at plants but do not reach the
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open literature. Items 2 and 3 represent a methodological gap: the relevant factors are frequently left
uncontrolled in laboratory experiments. Item 6 is a direction not yet explored. It must be emphasised
that this list does not mean that nothing has been written on these topics; it means that no source
meeting the criteria of this review (peer-reviewed, DOI-bearing, directly relevant) was found. Patents
and plant documentation may cover some of these subjects.

Discussion

A self-reinforcing loop rather than additive degradation. The three hypothesised links were not
selected at random: each of them forms a feedback path, that is, a deterioration in one stage
propagates to another and returns to the first. Hypotheses (a) and (s) together close a loop
deactivation — decline of the hydrogenation degree — decline of extraction efficiency — increase of
returned H,O, — intensified deactivation. If this loop exists, the performance of the plant would
deteriorate slowly but in a self-reinforcing manner, which is a qualitatively different behaviour from
the independent, additive degradation implicitly assumed when each problem is studied in isolation.
Testing the loop requires the hydrogenation degree, the residual hydrogen peroxide returned from
extraction, the water content of the working solution and the catalyst activity to be measured
simultaneously over an extended period; items 1-4 of the protocol below are designed for exactly
this purpose.

An asymmetry in the literature. The distribution of the corpus is itself informative. Catalysis is the
most saturated area (28 % of the corpus), while the oxidation step and working-solution degradation
are the least covered (7 % and 9 % respectively). This ratio indicates that research effort has been
directed towards the molecular level, whereas process-level questions have received less attention.
The same asymmetry appears in the gap list: five of the six gaps are process-level or plant-level
topics. One consequence is that results already available at the molecular level have not been carried
into practice: the reported dependence of degradation on the choice of support, and the reported
effect of support modification on the side reactions, are of direct operational relevance, and the
recent work on support hydrophobicity points in the same direction, yet none of it has been evaluated
against working-solution service life at plant scale.

Safety and efficiency are coupled through one variable. The oxygen fraction in the off-gas reflects
the efficiency of oxidation and, at the same time, the fire hazard in the carbon bed. This coupling has
a practical implication: a measurement introduced for process-control purposes also serves as a
safety instrument, and conversely, a deterioration in conversion is a safety-relevant event and not
merely an economic one. The reviewed literature contains measured LOC values for simple
hydrocarbons, and methods for estimating and measuring LOC, but the value for the aromatic
solvent actually used, at process conditions, is missing which prevents the safety margin from being
set numerically. Determining it is a prerequisite for using the off-gas oxygen fraction as a
quantitative safety indicator rather than a qualitative one.

The environmental burden cannot be addressed through the hydrogen source alone. The conclusion
quoted in the Introduction, that the climate impact is dominated by steam-reformed hydrogen, is
compatible with the observation from Figure 2 that hydrogen consumption is itself increased by
internal loss mechanisms. Reducing the residual hydrogen peroxide returned from extraction would,
if hypothesis (a) holds, lower hydrogen consumption, the water load on the working solution and the
rate of catalyst deactivation simultaneously. This is the practical reason why the three hypotheses
deserve to be tested together rather than separately. Closing the material loops acts on the same
indicators from the other side: recycling routes for spent alumina and for palladium, together with the
return of solvent and condensate streams, reduce both the solid-waste stream and the primary-
material demand of the process.

Limitations. The review is confined to publications in English and Russian; literature in other
languages was not covered. Patents and non-peer-reviewed technical materials were excluded by the
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criteria, so the gaps listed above must be read as "no source meeting these criteria was found" rather
than "not studied at all". Of the 46 sources, the content of only nine was read in full or in abstract; the
remainder are cited for the subject of the study alone, and no numerical result is attributed to them.
The three causal hypotheses are not supported by any source and are named as hypotheses wherever
they appear. The review reports no measurement data of its own, and the causal map is therefore a
structured statement of what the literature does and does not establish, not an experimental result.

Conclusions

The technological problems of the anthraquinone process were classified along the process chain on
the basis of 46 DOI-verified sources. Stage-specific problems converge at system level on four
outcome indicators: reagent and adsorbent consumption, explosion and fire hazard, energy intensity,
and wastes and emissions. This problem map, organised along the process chain, is the first of the
three contributions of the work.

The problems are not independent. Eight causal links are documented in the reviewed literature and
three remain hypotheses. Those three may together form a closed, self-reinforcing loop: catalyst
deactivation — decline of the hydrogenation degree — decline of extraction efficiency — increase of
returned hydrogen peroxide — intensified deactivation. Separating documented links from merely
plausible ones, and stating this loop explicitly as a systems-level proposition that follows from no
single study in the corpus, is the second contribution. The existence of the loop is unconfirmed and
requires measurement.

The literature on catalysis is the most saturated (28 % of the corpus), while oxidation and working-
solution degradation are the least covered (7 % and 9 %). Research has concentrated at the molecular
level, and process-level questions remain comparatively unexamined.

For six topics no source meeting the inclusion criteria was found: solvent losses and vent emissions;
water and residual H,O, as independent variables; palladium leaching; inert accumulation and purge
policy in the hydrogen loop; aqueous effluent streams; and membrane reactors for hydrogenation.

From a safety standpoint the oxygen fraction in the off-gas serves as a key indicator, because it
simultaneously reflects oxidation efficiency and the fire hazard in the carbon bed. Measured LOC
values exist for simple hydrocarbons (methane 11.1 vol %, propane 10.7 vol %, obtained ina 120 L
chamber with nitrogen dilution, a ~58 J spark and a 7 % pressure-rise criterion; Section 3.1), but the
value for the aromatic solvent used in an AO plant, at process conditions, has not been determined.
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