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Abstract:

Introduction: One of the common oxidants that are used in the industrial process, chemical environmental cleanup, medical oxygen production, and
propulsion uses hydrogen peroxide (H202). The systematic literature review forms the synthesis of recent primary experimental data related to the
effects of temperature and catalyst concentration/loading on the kinetics of the decomposition process of hydrogen peroxide.

Methodology: A systematic review of 15 peer reviewed articles published from 2017 till 2025 were reviewed, including batch reactors, continuous-
flow and fixed-bed systems, microreactors, and propulsion relevant catalytic chambers, and using heterogeneous catalysts, enzymatic systems, and
thermally driven reactions.

Results: The findings suggest that temperature and HO- concentration are the dominant kinetic drivers, which under most reported conditions control
the reaction rate, conversion efficiency, and stability of all the systems analysed. Although Arrhenius-like behaviour was generally found, optimum
temperature ranges were discovered due to catalyst deactivation, mass-transfer, and safety limits at high temperatures. The amount of hydrogen
peroxide showed a nonlinear effect; a number of experiments found a change of kinetic regimes and higher exothermicity in higher amounts. The type
and loading of the catalyst had a highly modulating impact on the performance and longevity but failed to surpass the underlying thermal and
concentration impacts. The temperature, concentration, and reactor design interaction effects were crucial, which demonstrates that the kinetic
parameters were very system-dependent.

Conclusion: The novelty of this review lies in its cross-domain, safety-oriented synthesis of kinetic behaviour across medical, environmental, and
propulsion contexts. The review identifies the need to use integrated statistically sound experimental designs and provides knowledge that is relevant
to the process optimisation, scale-up, and safe use of hydrogen peroxide-based technologies.

Keywords: Hydrogen peroxide decomposition, temperature effect, catalyst concentration, reaction kinetics, catalytic reactors,
catalyst concentration.

The global quality of H-O: remains high, with market forecasts

1. INTRODUCTION
of'about 6.11 million tonnes in 2025, and it is expected to grow

Hydrogen peroxide (H20:) is a strategically valuable
oxidant used in various industrial processes, including pulp
and paper ordering, textile production, chemical production,
health-care disinfection, semiconductor manufacturing and
management, and advanced clarification of aqueous samples.

to between 7.40 million tonnes in 2030 [1]. The growing use
of this oxidant underscores the need to exercise operational
control to better understand its stability and decomposition
mechanisms. Uncontrolled decompositions might negatively
affect the efficiency of oxidants, leading to dangerous oxygen
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evolution, heat discharge, and inconsistent process yields and
safety consequences [2]. Mechanistically, H.O. breaks down
into water and oxygen (2H:0: — 2H.O + O); the rate,
however, is susceptible to temperature, type of catalyst, and,
most importantly in scalable design, concentration/loading of
the catalyst plus the initial concentration of H20-.

Kinetically, temperature affects decomposition via
Arrhenius (k = Ae”(-Ea/RT)) and the catalyst concentration.
The active number in heterogeneous catalysts or in units in
biocatalysis typically changes the apparent rate constant and
can occasionally change the order of reaction. As shown by
Anekwe [3], the effects of temperature and concentration are
not additive. They might interact through mass-transfer
restrictions, catalyst deactivation, and changes in the pathways
of the dominant reactions. As an example, Qiu ef al. [4] state
that in a microfluidic in-situ kinetics experiment, the rate
constant of decomposition of H-0- and its activation energy
were measured as a function of temperature and initial mass
fraction of H20, which means that kinetic parameters are
susceptible to operating conditions and can be used to make
high-resolution kinetic inferences. Equally, Danyliuk ef al. [5]
highlight that Decomposition behaviour in continuous-flow
fixed-bed experiments of cobalt ferrite experiments showed, at
the lowest level, a 3-80 mM H:0: continuous-flow system
showed single-order-like behaviour at low concentrations.
However, there is evidence that the apparent order exceeds
about 10 mM, and therefore the low-order assumptions of
single- or first-order decomposition provide no understanding
of what occurs at higher concentrations [5].

Despite these developments, there is still a significant
research gap in the study of both academic and process design.
Researches are limited to investigating the dependence on
temperature or catalyst concentration effects in isolation, or to
changing multiple factors in varying manners without a
systematic factorial framework and is not large enough to
replicate sets to effectively quantify the impact of interactions
and uncertainty ranges. Indicatively, a fixed-bed catalase study
by Grubecki [6] uses optimal derivation to develop an
optimisation-focused framework to assess feed-temperature
effects, but is focused on optimisation assuming or embedded
forms of kinetic activity rather than a more holistic factorial
quantification of the joint effects of temperature and catalyst
concentration. The extractions of kinetics are of high quality,
as presented by Qiu et al. [4], yet, in the microfluidic
environment, a direct translation might not be viable for
standard batch-scale catalyst-dosing regimens, in which the
most common control variable is catalyst concentration (e.g.,
g L™). Danyliuk et al. [5] explicitly chart concentration effects
at 3- 80 mm packed bed, but catalyst concentration is not a
variable (as in fixed-bed), but a peripheral part. This leaves a
desire for a more integrated, statistically justifiable
experimental design that can both vary temperature and
catalyst concentration and, in some cases, include a variety of
initial H20O: concentrations. A large sample size must be used
with sufficient replicates per condition to allow sufficient
estimation of kinetic parameters, interaction effects, and the
operating envelopes that are practical to use.

Previous reviews have largely focused on catalyst
development, reactor performance, or application-specific
aspects of hydrogen peroxide decomposition. In contrast, the
present review integrates evidence across enzymatic,
heterogeneous catalytic, medical, environmental, and
propulsion systems to evaluate the combined influence of
temperature, hydrogen peroxide concentration, and catalyst
concentration on decomposition kinetics. The review further
emphasizes interaction effects, reactor-specific kinetic
behaviour, and safety-oriented operating envelopes, areas that
have received limited attention in earlier reviews.

In this paper, the author aims to discuss the joint effect of
temperature and catalyst concentration on the rate of hydrogen
peroxide decomposition and, hence, to synthesise and
critically evaluate reported kinetic behaviours for informing
prediction and safely operating the processes. Rather than
proposing new kinetic models, this review contributes a cross-
domain, safety-oriented synthesis of reported kinetic
behaviour across medical, environmental, and propulsion
applications. The goal is to inform safe operating envelopes
reported in the literature to drive catalyst dosing and
temperature settings, ensuring the desired decomposition rates
without exceeding safety limits.

2. METHODS
2.1. Research Method

This research employs a Systematic Literature Review
(SLR) to examine the relationships between temperature and
concentration and the kinetics of hydrogen peroxide
decomposition. The SLR helps synthesise various
experimental evidence across different reactor types and
catalyst systems in a rigorous way and minimises bias by using
well-defined protocols, making it robust, reproducible, and
aligned [7]. This review does not derive or validate a unified
kinetic model, but synthesises reported experimental findings.

2.2. Search Strategy

An extensive, multi-step search policy was used to identify
the leading experimental research on the kinetics of hydrogen
peroxide decomposition. PubMed, Scopus, and Web of
Science were chosen as three large scientific databases. The
Boolean search terms were designed to achieve precision and
scope that capture the essence of the topic, while allowing
terminological flexibility across subject areas. Title, abstract,
and keyword searches were carried out. The search strings
specific to the database were as was: on PubMed: (‘hydrogen
peroxide’ OR H202) AND (decomposition OR kinetics OR
‘reaction rate’) AND (temperature) AND (concentration)
AND (catalyst OR catalase); on Web of Science: hydrogen
peroxide OR H20:) AND (decomposition OR kinetics AND
temperature) AND (concentration) (Appendix A).

2.3. Selection Criteria
2.3.1.

Limitations were set so that studies required original,
experiment-based laboratory data when the study was a direct

Inclusion Criteria
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investigation of the kinetics of hydrogen peroxide
decomposition as a primary product of the reaction. Applicable
articles specifically examined temperature and/or hydrogen
peroxide level and/or catalyst concentration or loading as an
independent variable. They provided quantitative markers of
the kinetics, e.g., reaction rates, rate constants, reaction order,
Arrhenius parameters, and concentration-time profiles. Such
studies that used approved experimental reactor designs, such
as batch reactors, continuous-flow systems, fixed-bed catalytic
reactors or microreactors, were included. In the case of both
heterogeneous catalytic (e.g., metal oxides and noble metals)
and enzymatic systems (e.g., catalase), as long as the original
kinetic analysis was provided. The review was limited to peer-
reviewed journal articles published in the English language
within the year range of 2017-2025 to achieve the objective of
methodological rigour and reliability.

2.3.2.  Exclusion Criteria

Only studies that were not review articles, meta-analyses,
conceptual papers, editorials, or commentary pieces were
included in the studies; likewise, studies that did not have
original experimental data were excluded. Student papers with
no direct kinetic analysis and studies with inadequate
methodological transparency or published in non-peer-
reviewed materials were also excluded to retain a strong and
consistent evidence base.

2.4. Data Extraction

A systematic data-extraction protocol was implemented
using a predetermined template to ensure consistency and
transparency across included studies. The extracted
information included bibliographic details, the experimental
configuration, and the operating conditions. The critical ones
were catalyst type and loading, initial peroxide concentration,
and the temperature range and controls. The systematic results
of quantitative kinetics were used to determine reaction rate
constants, reaction orders, activation energies, and
concentration-time profiles. Reported effects of temperature
and concentration interaction and reported experimental
constraints were further modelled, where possible, to facilitate
strong comparative analysis and critical appraisal.

2.5. Data Analysis

Synthesis of the extracted data was carried out using
narrative and comparative analytical methods, which apply to
research on quantitative chemical kinetics. The studies were
divided by their experimental layout and catalyst type,
allowing comparison of each study across different
temperature sensitivities, concentration dependencies, and
apparent reaction orders. Where possible, Arrhenius
parameters and rate constants were normalised to a standard
set of units to facilitate interpretation. Trends in non-adherence
to first-order kinetics at larger concentrations of hydrogen
peroxide or high temperatures were recognised and examined.
Special emphasis was placed on studies reporting the effect of
the interaction between temperature and catalyst
concentration, as this is one of the main methodological gaps
in the literature. The synthesis highlighted similarities and

differences among the studies by showing overall consistent
trends in kinetics, while also critically evaluating differences
due to reactor design, mass-transfer constraints or catalyst
deactivation.

2.6. Ethical Consideration

Since this research was based solely on published
secondary data, there was no need to seek formal ethical
approval. To avoid bias and ensure reproducibility, moral
standards were observed through transparent reporting, proper
citation, and online screening and data extraction.

3. RESULTS
3.1. Data Screening

To promote transparency, rigour and reproducibility
PRISMA 2020 framework was followed to select the study
(Fig.1). A total of three databases were searched during
identification: 489 records from Scopus, 148 from PubMed
and 63 from Web of Science were identified. The temporal
limit (2017 to 2025) was set beforehand to span modern
catalyst systems, intensified reactor designs, and safety
standards in hydrogen peroxide handling in 2016 or later, and
accordingly, date filters were used at the search phase on the
database. The rest of the screening took place in this predefined
corpus. Before the screening, 382), duplicated records were
removed. At the title/abstract phase, 198 records were removed
that did not focus on H20. decomposition kinetics or had not
undertaken a kinetic analysis. Further, 90 records that were not
peer-reviewed, commentaries, editorials, reviews, books,
conference papers, did not have specific kinetic methodology
(determination of rates, controlled conditions, and quantitative
parameters), and data papers were excluded. The remaining 30
articles were evaluated in regard to inclusion and exclusion
criteria. 12 articles were filtered out during the eligibility
process as the studies did not explicitly study the effects of
temperature and/or concentration of H.O: (concentration or
loading of the catalyst) on the decomposition rates, or had
insufficient kinetic data available to compare it to the
literature. 3 articles were removed due to no full-text access. A
total of 15 studies were finally used in the final synthesis since
they fulfilled all the requirements and formed good primary
experimental evidence.

3.2. Quality Assessment

The quality of methodology of the studies followed in this
review was evaluated with the help of a reproducibility and
reporting quality framework designed to be used with
laboratory-based studies in the field of chemical kinetics and
catalysis research. Without a wvalidated appraisal tool
specifically tailored to work with physicochemical reaction
systems, the given framework was focused on the issues of
experimental reproducibility, strict control of critical variables
and kinetic identifiability more than it was considered that
human-intervention validity. This emphasis was considered
correct, as the chosen trials comprised deterministic control of
the factors of the experiment, so temperature, concentration of
hydrogen-peroxide, catalyst concentration, etc. so



Majestic American Journal of Chemistry, 2026, Vol. 1

Hafiz Muhammad Zohaib

characteristic of chemical-kinetics research but not clinical or
health-science studies. The appraisal examined standards
required of trustworthy kinetic interpretation, such as
unambiguity of the aims of experiment, control of reaction
conditions, suitability of the configuration of the reactor, and
clear reporting of quantitative kinetic or performance values.
Other criterion involved replication of experiments, catalyst
stability or deactivation behaviour, and simplicity in

evaluating analytical and instrumental techniques. Kinetic
modelling and mechanistic reasoning were considered as signs
of increased causal inference. All criteria were evaluated on a
descriptive basis of fully met, partly met or not met but not
weighted. In general, the review suggests that the degree of
methodological rigour and generalizability between the studies
is high, thus, leading to high qualitative comparison and
synthesis levels (Appendix B).

[ Identification of studies via databases and registers ]
Records identified from*:
Records removed before screening:
Scopus (n =489)
- » .
Duplicates removed (n = 382
g PubMed (n= 148) P ( )
g
_f:: Web of Science (n=63)
=
§ Records identified: 700
Records excluded after title and
i abstract screening:
Records screened Not focused on H202 decomposition
M) ’ kinetics (n=198)
(n=1318)
i Reports excluded due to:
Reports sought for retrieval commentaries, editorials, reviews,
%D books, conference papers,
5] (n=120) conceptual papers, did not have
(0] . . .
5 specific kinetic methodology, and
@ i data paper (n =90)
Reports assessed for eligibility Reports excluded:
(n=30)  —
Did not explicitly analyse
— temperature or concentration effects
(n=12)
)
- Report with no full-text (n=3)
3 Studies included in review
=
k= (n=15)

Fig. (1). PRISMA flowchart.
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3.3. Study Characteristics

These studies comprise a  heterogeneous but
methodologically consistent corpus of primary experimental
studies on the decomposition of hydrogen peroxide (H-0:)
under a wide variety of reactor configurations, catalyst
systems, temperature regimes and concentration domains. The
date of publication is 2017 to 2025, which covers both the
fundamental kinetic investigations and the latest developments
of catalysts, including characterisations of reactors and studies
related to applications. As to the experimental configuration,
there are batch reactors (Chen et al. [8]; Elbasuney ef al. [9];
Yu & Lyu [10]), continuous-flow and fixed-bed reactors
(Danyliuk et al. [5]; Grubecki [6]; Li et al. [11]), microreactors
and propulsion-related catalytic chambers (Carlotti & Maggi
[12]). This diversity allows it to be compared to basic kinetic
behaviour and more process-oriented performance indicators,
including conversion efficiency, temperature increase and
catalyst longevity.

These catalyst types are represented by a wide array of
catalysts such as metal oxide (MnO2, MnOX, Cu based
catalysts, Co-based catalysts), cobalt and zirconium inorganic
complexes, metal-organic  frameworks, carbonaceous
materials, as well as enzymatic systems based on free or
immobilised catalase (Grubecki [6]; Trawczynska [13]; Li
et al. [11]). Characterisation and preparation of catalysts are
well known; numerous studies have explicitly correlated
structure or composition (such as oxidation state, dispersion,
Ti** content) with decomposition activity (Gorokhovsky et al.
[14]; Maksimchuk ez al. [15]). Reaction temperature and H20-
concentration are observed as the most common aspects of
experiments across the dataset, exemplified at one extreme by
low-strength solutions (1.5 wt%) suitable for medical oxygen
production (Hassanein & Abdelaziz [16]) and on the other end
by high-test hydrogen peroxide (>80 wt%) to consider just
propulsion systems (Carlotti & Maggi [12]). Quantitative
kinetic results, such as rate constants, activation energies,
reaction orders, and conversion efficiencies, are reported, thus
facilitating cross-study synthesis (Table 1). Taken together, all
these features create a strong and heterogeneous body of
evidence that is sufficient to uncover systematic features in the
temperature-,  concentration-, and catalyst-dependent
behaviour of H20. decomposition. To facilitate cross-study
comparison, Table 2 summarises the principal kinetic
parameters reported in the included studies, including catalyst
concentration, temperature range, hydrogen peroxide
concentration, activation energy, and key kinetic observations.

3.4. Effect of Temperature on Hydrogen Peroxide
Decomposition Kinetics

Across the studies examined, temperature has been
established as the major kinetic driving force of hydrogen
peroxide decomposition, with the majority of cases exhibiting

Arrhenius behaviour, though modulated by catalyst chemistry,
reactor design, and concentration regime. Enzyme and
heterogeneous catalytic systems have been reported to exhibit
escalating decomposition rates with increasing temperature,
thus validating the importance of temperature dependence in
the breakdown kinetics of H20: [6, 8, 15]. Quantitative kinetic
measurements indicate that the temperature sensitivity varies
widely across systems; enzymatic measurements indicate low
activation energies for the decomposition reaction (12—-14 kJ
mol™), corresponding to high catalytic efficiency at moderate
temperatures [6, 13]. Conversely, heterogeneous catalysts
exhibit elevated apparent activation energies, with 37 kJ mol™
in the case of ZIF -67 [8] and a mechanistic potential of 11.5
kcal mol™ (about 48 kJ mol 1) in the case of Zr-substituted
tungstates [15]. These irregularities emphasise that
temperature and rate depend on catalyst chemistry rather than
temperature being a universal accelerator.

A range of literature also defines optimal temperature
ranges, beyond which performance either stagnates or
declines. In enzymatic fixed-bed reactors, Grubecki [6] (Table
3) showed that the optimal feed temperature varied with both
flow rate and diffusional resistance, with the highest
conversion (o ~ 0.95) near 305 K, though higher temperatures
increased enzyme deactivation. The same stability limitations
were observed with free catalase, where the deactivation
constants increased monotonically from 10 to 45°C, although
higher PMs were obtained in this case [13]. The results
highlight that a trade-off between kinetic acceleration and
catalyst life controls the temperature optimisation of
enzymatic systems. In heterogeneous catalysts and propulsion
systems, temperature optima also occur, but via different
mechanisms. Carlotti & Maggi [12] and Huh et al. [17]
obtained significant efficiency gains on preheating,
decomposition or characteristic velocity efficiency maximum
around 100 and 110°C, and a decrease in performance over
high temperatures because of pressure losses, inefficiency in
heat dissipation or catalyst stress (Fig. 2). Remissa et al. [18]
also demonstrated that apparent first-order rate constants at
36°C were an order of magnitude greater than those at 0°C,
although also pointing out that overheating can enhance
support-dependent instability.

Temperature-induced limitations are therefore a recurring
theme. Elbasuney et al. [9] states that high temperature
exacerbates catalyst deactivation, Yu & Lyu [10] further found
that it threatens thermal runaway at high H.O: levels. This
poses reactor-specific limitations, including boiling, mass
transfer, or pressure in microreactors and fixed-bed reactors [5,
19]. Taken together, the data show that although higher
temperature increases the intrinsic rate of reaction, the ultimate
system-specific thermal optima control the efficiency of
kinetic performance rather than a temperature-dependent
uniform increase.
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Table 1. Findings table.

conditions of

IR, XPS,

at.% Ti** for PPT(30-30-40),

Authors Year | Aim of the Study Methodology Solution / Catalyst Findings of the Study Outcome
(Quantifiable)
Carlotti & 2022 To develop, Laboratory-scale MnOx supported on 3-step impregnation achieved MnOx/ALO:s
Maggi [12] characterise, and endurance tests AlLOs pellets 4.8 wt% catalyst loading (vs catalysts
evaluate MnOx- using single prepared via ~1.9% baseline). Achieved demonstrated high
based catalysts for MnOx/Al:0s3 impregnation ~88% temperature efficiency at efficiency and
high-test hydrogen | pellets; mass-loss— (baseline, 1-step, 3- steady state. Catalysts showed durability,
peroxide (HTP) based reaction rate step); H202~83.5% limited degradation after 36 s of | confirming suitability
decomposition in estimation; cumulative firing. The reaction for sustained H-0:
propulsion-relevant thermocouple rate derived from mass loss decomposition under
conditions temperature showed rapid decomposition high-temperature,
monitoring; fixed- with a short induction time for high-concentration
bed decomposition high-activity pellets. conditions.
chamber testing
Danyliuk 2025 To investigate the Continuous-flow Granular cobalt At 3-15 mM H:0:, Demonstrated strong
etal. [5] kinetics of H20: fixed-bed reactor; ferrite (CoFe204); decomposition followed first- concentration-
decomposition in a UV-Vis catalyst bed mass order kinetics (linear In[C] vs dependent kinetic
continuous-flow determination of ~180 g; H.0: 3-80 time). At >23 mM, kinetic plots regime shift,
reactor and relate it residual H20; mM became nonlinear, indicating highlighting that
to bacterial logarithmic kinetic reaction order >1. Only 10-15% reaction order
inactivation plots; regression H20: decomposition occurred at increases at higher
modelling ~30 min contact time due to H:0: concentrations.
flow limitations.
Elbasuney 2024 To compare the Batch reactor Silver nanoparticles Silver nanoparticles reached the MnO: exhibited
etal [9] catalytic activity tests; liquid (~18 nm) and MnO: LTP peak within ~20 s but were superior durability
and durability of temperature nanoparticles (~20 oxidised, losing activity within and sustained
green-synthesised profile (LTP); nm); H202 85% ~20 s. MnO: reached peak decomposition,
nano-catalysts for lifetime mass loss temperature in ~40 s but whereas silver
H:0: (LTML); repeated maintained activity across showed a high initial
decomposition catalyst cycling multiple cycles with minimal rate but poor lifetime.
mass loss.
Chen et al. 2019 | To evaluate ZIF-67 Batch kinetic ZIF-67 (Co-based Decomposition followed first- Confirmed strong
[8] as a catalyst for experiments; UV- MOF); catalyst order kinetics. Rate constants temperature and
rapid H.0: Vis colorimetric concentrations 10— increased with catalyst loading: catalyst-
decomposition and analysis; 300 ug mL™'; H202 k=2.82x1072,7.85x1072, concentration
determine kinetic Arrhenius 20 mM 4.30x107! min'. Temperature- dependence, with
parameters modelling at 30— dependent k values reached 3.47 ZIF-67 showing
60 °C min at 60 °C. Calculated faster kinetics than
activation energy = 37 kJ mol ™. conventional cobalt
salts.
Grubecki [6] | 2020 To determine the Fixed-bed plug- Catalase immobilised | Reaction activation energy ER = Demonstrated that
optimal feed flow bioreactor; on non-porous glass 12.6 £ 0.3 kJ mol™'; enzyme temperature—
temperature for immobilised beads; H-0: <2x1072 | deactivation energy ED =49.7 + concentration—
hydrogen peroxide commercial kmol m™ 1.2 kJ mol ™. Optimal feed diffusion coupling
decomposition in a catalase temperature (OFT) varied with governs optimal
fixed-bed (Terminox Ultra); flow rate and diffusional reactor performance;
enzymatic reactor analytical resistance. At Q =20x107* m? improper temperature
optimisation s”!, maximum conversion Oy = selection
model validated 0.949 at T = 305 K; increasing significantly reduces
experimentally pellet diameter (5x10~* — conversion.
10x10~* m) raised OFT from
304.6 K to 309.9 K while
reducing conversion to 0.780.
Gorokhovsky | 2023 | To investigate how Batch kinetic Potassium Catalytic activity increased with Identified Ti**
etal. [14] the synthesis experiments; FT- polytitanates (PPT) Ti** content: 0 — 4.0 — 21.9 concentration and

surface
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activity = was 45% of the initial;
the first 10 cycles showed no
significant decrease.

potassium DSC/TGA; synthesised in KOH— PPT(30-50-20), PPT(30-70-0). hydroxylation as key
polytitanates affect temperature- KNO:s molten salts Specific surface areas 71.3-79.6 drivers of H20:
H20: controlled aqueous m?g. Efficient decomposition decomposition
decomposition dispersions occurred below 40—45 °C, efficiency at low
kinetics avoiding violent exothermic temperatures.
runaway. Higher KNOs
reduction conditions produced
stable, controlled decomposition
rates.
Huh et al. 2025 To evaluate the Experimental Mn-oxide catalyst on | Characteristic velocity efficiency Demonstrated
[17] effect of preheating firing tests in a alumina pellets; 50 increased from 64 % at 28 °C to existence of an
temperature on catalyst chamber; wt% H20: a maximum of 89 % at 106 °C, optimal temperature
H20: pressure— then declined at higher window where
decomposition temperature temperatures. Chamber thermal and catalytic
efficiency in a diagnostics; preheating range 28-237 °C. decomposition are
monopropellant resistive Excessive preheating led to balanced for
thruster preheating additional pressure losses maximum efficiency.
downstream, despite higher
initial decomposition rates.
Hassanein & | 2025 To optimise low- Batch reactor; 3x3 MnO: powder (0.1— At 1.5 wt% H:0, stable O: Confirmed H-0:
Abdelaziz strength H.O> full-factorial 0.5 g); H20: generation was achieved with concentration as the
[16] decomposition for | design; continuous concentrations 1.5, flow rates of 68—134 mL h™*, dominant kinetic
stable, medical- O: flow and purity 2.87, 6 wt% oxygen purity >95.6 %, and variable for
grade oxygen monitoring temperature rise <4 °C. Higher controlled, low-
generation H:20: concentrations increased temperature
the rate but reduced stability. decomposition.
Increasing MnO: mass
accelerated decomposition only
up to surface saturation.
Maksimchuk | 2023 Resolve the Mechanistic/kineti | Mechanistic proposal Experimental Arrhenius Provides a validated
etal [15] mechanism of H.0: | c study integrating | involving Zr-trioxane | activation energy (Ea) for H.O- mechanistic
decomposition over experimental intermediate leading decomposition with {ZrW5}2 = explanation and
Zr(IV)-substituted | Arrhenius analysis to singlet oxygen 11.5 keal-mol™!. Computed RDS | quantified activation
Lindqvist tungstate with DFT (heterolytic) or energy barriers (ZPE-corrected) energetics,
and validate via pathways + kinetic superoxide radicals 13.9, 10.1, 8.8 kcal-mol ™ demonstrating how
experiment-DFT simulations. (homolytic). (mechanisms 1,2,4) and catalyst identity (Zr
alignment. weighted average 9.2 kcal-mol™! vs Ti vs Nb) shifts
(close to experiment). Also decomposition
reports comparative computed energetics and
barriers: Zr 9.2, Ti 14.7, Nb 18.6 pathways.
kcal-mol™, consistent with the
experimental values of 11.5,
14.6, and 16.7 kcal -mol .
Lietal [11] | 2024 Improve H.0- Enzyme Immobilised catalase Immobilised enzyme activity Demonstrates
decomposition immobilisation (PAES-C carrier) for 188.75 U-g ' at 30 °C, pH 7; temperature-linked
performance by optimisation continuous H-0: adsorption capacity 4.685 mg activity (30 °C
immobilising (temperature/time/ decomposition with protein per unit mass carrier. optimum reported)
catalase on a dosage) + better Continuous-flow H-0- plus flow/bed-mass
PAES-C polymer continuous-flow stability/recyclability decomposition achieved 90% conditions delivering
carrier and testing decomposition than free enzyme. conversion at 8§ mL-min™' for high conversion and
in continuous-flow performance one h, with 0.2 g catalyst/bed. quantifiable
mode. testing. Reusability: after 22 cycles, reusability—useful

for catalyst loading +
operational
comparisons.
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recycling tests

minimal loss.

Remissa 2025 Evaluate thermal Lab thermal Low-cost catalytic First-order form used: The results confirm
etal. [18] decomposition of decomposition system: Cu/support In([H20:]t/[H20:]0)=Kt. that higher
H20: (green using 30% (W/w) (support-dependent Apparent kinetic constant K temperature
propellant context) | H20: microdroplet dispersion) to extracted from slopes. At 36 °C, significantly
over low-cost Cu with Cu catalysts accelerate slopes ( increases the H20:
catalysts on (1 wt% Cu) decomposition; decomposition rate
different supports, supported on y- compares supports and that Cu catalyst
emphasising alumina, graphite, under two performance is
temperature effects. MNC clay; temperature strongly support-
monitoring via conditions. dependent,
differential demonstrating the
pressure and first- importance of
order kinetic temperature control
plotting. and support selection
for efficient, low-
cost, green-propellant
decomposition
systems.
Shang et al. 2017 Provide a kinetic Continuous-flow Microreactor Conversion increased with Establishes a
[19] study of H20: capillary approach to quantify temperature; at 378 K, ~50% quantified baseline
decomposition at microreactor decomposition under H20: decomposed at 20 20- for temperature—
high temperatures kinetics; uses PFA harsh “process minute theoretical residence residence-time
and concentrations capillary; sets window” conditions time in a PFA capillary. The dependence at
in capillary H20:: catalyst relevant to intensified experimental conditions elevated conditions;
microreactors, molar ratio = oxidation chemistry; explicitly state 10 bar pressure forms a comparator
including catalyst 440:6 and operates kinetic framework control and a 440:6 molar ratio study for your review
loading effects. at 10 bar to avoid includes temperature baseline. of “temperature +
water evaporation; and residence time. concentration +
measures catalyst loading”
conversion vs synthesis.
temperature/reside
nce time.
Yu & Lyu 2024 To identify and Batch experiments Carbonaceous Spontaneous reaction produced Demonstrates that
[10] quantify an with carbon strips cathodes reacting CO: and CO (not only O2/H-0). H:0: concentration,
overlooked (charcoal, with H20: (5.6-34 At 34% H-0:, CO: dominated; pH, and carbon
pathway of H20: graphite, carbon wt%) at ambient at 5.6-11%, CO dominated. surface strongly
decomposition over | felt); GC-MS and conditions. With charcoal at pH 10, H20: accelerate
carbonaceous in-situ FTIR for decreased from 2.73 to 1.24 mol decomposition via a
materials and gaseous products; L' in 60 min (>50% loss). The chemical oxidation
assess the UV-Vis for H202; temperature rose by up to 9 °C at pathway, limiting
controlling pH/temperature high pH. Charcoal mass loss achievable H20:
variables monitoring confirmed carbon consumption. accumulation.
Yoon et al. 2022 To develop a Cation-exchange trans- Encapsulation amount 5.55 Confirms stable
[20] recyclable MOF- encapsulation of [Co(en)CL]@InBTB | mmol per 10 mg MOF. Catalytic heterogeneous
based catalyst for Co(III) complex in MOF catalyst H20: decomposition at 40 °C catalysis of H20:
oxygen evolution InBTB MOF; showed sustained activity with with high
from H-O: under KMnOs titration no Co leaching. Oxygen recyclability,
mild conditions for H.02; UV- evolution activity was retained highlighting MOF
Vis/IR/XPS; over >7 reuse cycles with confinement benefits

for controlled
decomposition.
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Trawczynska
[13]

2020 | To introduce a new
method for the
simultaneous
determination of

reaction and

Batch enzymatic
assays; integrated
kinetic modelling;
pH (3-10) and
temperature (10—

Bovine liver catalase
(free enzyme)

Determined activation energy
for decomposition, Er = 14 kJ
mol™, and deactivation, Ed =
56.8 kI mol™. AtpH 7,
deactivation constant k. = 7.85

Provides quantitative
temperature—pH
dependence of
catalase kinetics,
enabling accurate

deactivation
kinetics of catalase-
driven H20:
decomposition

45 °C) variation

dm?® mol ™! min™'. Maximum rate modelling of
enzymatic H20:
decomposition and

stability limits.

constant observed at pH 6-8;
rate decreased sharply outside
this range. Deactivation constant
increased monotonically with
temperature (10-45 °C).

Table 2. Comparative kinetic parameters across included studies.

Study Catalyst Temperature Catalyst H:0: Activation Key Kinetic Observation
Range Loading Concentration Energy (Ea)
Chen et al. [8] ZIF-67 30-60°C 10-300 pg mL—1 20 mM 37 kJ mol—1 First-order kinetics
Grubecki [6] Immobilised Around 305 K Fixed-bed <2x10-2 kmol 12.6 kJ mol—1 High conversion near
catalase optimum m-3 optimum temperature
Trawczynska Free catalase 10-45°C Not reported Variable 14 kJ mol—1 Temperature-dependent
[13] deactivation
Maksimchuk Zr-substituted Variable Not reported Variable 11.5 kcal mol—1 Mechanistic pathway control
etal. [15] tungstate
Huh et al. [17] | Mn-oxide catalyst 28-237°C Pellet catalyst 50 wt% Not reported Maximum efficiency at
106°C
Remissa et al. Cu catalysts 0-36°C 1 wt% Cu 30 wt% Not reported Strong temperature
[18] dependence

Table 3. Activation energies and frequency factors in Arrhenius equation for reaction and enzyme; Source: Grubecki (2020) [6].

Reaction of HPD

Activation energy (kJ-mol ™)

12.6 £ 0.3

=3
-
Il

Frequency factor (s™)

Krosm = 48.00 + 5.38

Parallel deactivation of TUC

Activation energy (kJ-mol™)

E, =497 +1.2

Frequency factor (m*-kmol™-s™")

kpo = (2.77 + 5.38) x 107

3.5. Influence of Hydrogen Peroxide Concentration on
Decomposition Behaviour

Across the literature reviewed, the level of hydrogen
peroxide use is shown to have a non-linear, system-specific
impact on decomposition behaviour, including reaction order,
thermal stability, and operational stability. Other studies
provide direct evidence of a kinetic regime transition with
increasing concentration, which disproves the general
expectation of a first-order decomposition. Danyliuk et al. [5]
found that decomposition in a continuous-flow fixed-bed
reactor obeyed first-order kinetics at low concentrations (3- 15
mM). Still, this non-linear behaviour occurs above molecular
concentrations of around 23 mM, indicating an apparent

increase in reaction order (Fig. 3). As in concentrated and high-
temperature systems, the rate accelerations were not solely due
to concentration scaling [19].

Concentration is an essential factor closely related to
stability and safety. High H.O: concentration (>80 wt%)
studies consistently report enhanced heat release and rapid
oxygen evolution, which, on the one hand, lead to high
propulsion efficiency but, on the other hand, impose severe
restrictions on thermal control and catalyst life [9, 12]. Yu &
Lyu [10] also note a previously under-considered risk pathway,
in which at 34 wt% H:0:, carbonaceous surfaces facilitate
spontaneous chemical oxidation to give CO; and CO, with a
high amount of heat loss, facilitating decomposition faster than
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can be catalysed (Fig. 4). These discoveries can be shown to
demonstrate that high concentration does not only elevate rate,
but can actually dramatically reshape the reaction pathways.

On the other hand, research on low-strength H202 shows
that low concentration facilitates stable operation. It was found
that at 1.5 wt% H20O-, a portion of the decomposition produced
medical-grade oxygen, accompanied by a slight temperature
rise (<4 °C) compared with higher concentrations, resulting in
a faster reaction but lower stability [16]. Concentration-
dependent moderation was also observed in enzymatic and
flow systems, with decreasing inlet concentrations allowing
longer residence times and greater net conversion, without
thermal runaway [6, 11]. Comparisons across batch, flow, and
microreactor studies have shown that the effects of
concentration are more potent in systems that lack sufficient
heat removal or residence time, i.e., in fixed beds and
microchannels [5, 19]. In general, the evidence confirms that
hydrogen peroxide concentration effectively controls the
decomposition rate and kinetic regime, as well as stability, and
enables reactor operation, underscoring its importance as a
design variable to consider alongside temperature and catalyst
choice.

3.6. Role of Catalyst Type
Concentration/Loading Behaviour

and Catalyst

A cumulative analysis of the examined studies suggests
that the type and loading of catalysts are definitive factors in
determining the kinetics of hydrogen peroxide decomposition,
balancing innate activity and durability. There is great
diversity in the performance of metal oxides, Metal-Organic
Frameworks (MOFs), polyoxometalates, carbonaceous
materials, and enzymatic catalysts, so it is essential to have
catalyst chemistry and structure that defines the reaction
pathways. Among metal oxide catalysts, manganese-based
systems are active and durable. Elbasuney et al. [9] found that
both MnO; nanoparticles and silver nanoparticles exhibited

continuous decomposition over multiple cycles, with short
initial activity but were oxidatively poisoned within several
seconds. Equivalent durability benefits were indicated in
MnOx/Al:Os pellets in propulsion-relevant experiments,
where a deeper impregnation depth (4.8 wt%) enhanced
temperature efficiency (~88%) and reduced degradation [12]
(Fig. 5). The impact of support-dependent dispersion can be
further illustrated by copper-based catalysts, with Remissa et
al. [18] finding order-of-magnitude variations in the apparent
rate constants of Cu catalysts supported on alumina, graphite,
and clay under the same loading conditions.

There is also an advanced catalyst architecture that
provides a mechanistic understanding of the relationship
between structure and activity. Chen et al. [8] underscores that
ZIF-67 MOFs showed a higher rate of cube formation than
traditional cobalt salts, which could be explained by increased
access to active sites and a favourable cobalt coordination
environment that promoted catalysis. The polyoxometalate
systems take the finding one step further, revealing that Zr (IV)
replacement reduces the activation barriers relative to Ti or Nb
analogues and semi-quantitatively correlates the oxidation
state and metal identity with catalytic efficiency. The
significance of electronic structure was also established by
Gorokhovsky et al. [14], who found that Ti** concentration and
surface hydroxylation were the primary factors driving activity
in potassium polytitanates. The effects of catalyst
concentration are discussed in a variety of works, most of
which report a positive relationship between mass and the
apparent rate constant at the beginning of testing, extending to
the mass extension. At concentrations of 300 pg mL, Chen et
al. [8] found monotonic rises in rate constant with ZIF 67
concentration (Fig. 6). In contrast, Hassanein & Abdelaziz [16]
found that the rate of acceleration with MnO: mass levelled off
at higher concentrations due to surface saturation. These
observations suggest a decrease in returns at an optimum
catalyst concentration.
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Fig. (2). Maximum chamber temperature and average c*efficiency of the thruster with respect to preheated temperature, with
the highlighted area where the probability of upstream temperature (Templ) being greater than downstream temperature

(Temp3) exceeds 90 %; Source: Huh et al. [17].
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Systems also vary in terms of catalyst stability and
reusability. Li et al. [11] procured that enzymatic catalysts that
are immobilised have better stability over the long term
asPAES-C-immobilised catalase shows approximately 45%
activity stability after 22 cycles and undergoes little loss within
the first 10 cycles. On the contrary, Yu & Lyu [10] states that
unsupported nanoparticles and carbonaceous substances are
more likely to be deactivated or consumed. Therefore, it can
be affirmed that the best catalyst selection and loading involve
a compromise in which one must balance intrinsic activity and
lifespan, especially in continuous, high-temperature operation.

3.7. Interaction Effects Between
Concentration, and Reactor Design

Temperature,

Results are synthesised within reactor classes to preserve
system-specific transport, thermal, and kinetic characteristics.
Cross-reactor comparisons are employed solely to identify
qualitative patterns, such as temperature sensitivity,
concentration-driven regime shifts, and catalyst deactivation
tendencies and do not imply direct quantitative equivalence of
kinetic parameters across reactor types (Table 4).

3.7.1.  Microreactor Systems

The technology of microreactor studies demonstrates that
augmented heat and mass transfer alleviate the effects of high
temperature along with high hydrogen peroxide concentration.
Shang et al. [19] described that hydrogen peroxide was quickly
broken down in capillary microreactors with large operating
temperatures and concentrations. Still, overall conversion was
limited by residence time and pressure management, instead of
intrinsic reaction rates. The given observations emphasise the
fact that thermal acceleration does not provide any guarantee
of complete decomposition in cases when the residence times
are not adequate. Highly efficient heat dissipation of
microreactors allows them to work in situations that could have
caused boiling or runaway in bigger reaction differences
(Shang et al., [19]; Qiu et al., [4]). However, the corresponding
kinetics in these systems is an exaggeration of the transport
phenomenon as opposed to universally valid intrinsic rate
constants.
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Fig. (3). The kinetics of H202 decomposition in the flow reactor at different initial concentrations of (a, b) The changes in H20-
concentration over time. (¢) The changes in H-0O: concentration are plotted on a logarithmic scale. Source: Danyliuk ef al. [5]
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Table 4. Reactor-stratified framework for interpreting H.O: decomposition kinetics.

Reactor Class Dominant Transport

Primary Kinetic Controls

Typical Limitations Interpretation Boundary

Characteristics
Microreactors High heat and mass transfer; Temperature, residence Pressure control, limited Apparent kinetics dominated by
short residence time time contact time transport intensification
Fixed-bed / Axial gradients; internal Concentration, Flow limitation, Apparent kinetics reflect coupled
Continuous-flow diffusion hydrodynamics diffusion resistance reaction—transport

Batch reactors Poor heat removal; gas

accumulation

Concentration, thermal
stability

Runaway risk, mass Kinetics strongly system-

transfer dependent

Enzymatic reactors Mild conditions; diffusion-

limited

Temperature (optimum),
enzyme stability

Thermal deactivation Apparent kinetics valid only near

optimum

Propulsion catalyst
chambers

Non-isothermal; high flux

Temperature, reactor
geometry

Pressure loss, catalyst
stress

System-level performance, not
intrinsic kinetics

3.7.2.

The relationship between temperature and concentration in
fixed-bed and continuous-flow modes 1is stricter in
hydrodynamics/internal diffusion. Danyliuk et al. [5] observed
that the decomposition of hydrogen peroxide obeyed first-
order kinetics at lower concentrations, but obeyed other higher
orders or mixed order kinetics at higher concentrations that
exceeded about 23 mM. In spite of temperature and
concentration increases, the overall conversion declined due to
the limitations of the flow and the decline of the contact time.
As shown by these findings, with fixed-bed systems, apparent
kinetic parameters are determined by coupled chemical and
transport constraints, and not at all by the intrinsic reaction
rates.

3.7.3.  Batch and Enzymatic Reactor Systems

Reactor-dependent effects of interaction are also
demonstrated through batch and enzymatic reactor studies.
Batch systems are noted, in particular, to be affected by
temperature gradients, mass accumulation, and resistance due
to mass transfer at high concentrations (Grubecki, [6];
Hassanein & Abdelaziz, [16]). In an enzymatic system, a rise
in temperature only enhances decomposition up to the optimal
point, after which enzyme deactivation takes centre stage.
Such results suggest that the exothermicity induced by
concentration and acceleration caused by temperature has to be
balanced against the stability considerations that were
involved in the reactor design.

3.7.4.

A very extreme case of interaction effects is propulsion-
oriented catalyst chambers. As demonstrated in the studies
conducted by Huh et al. [17] and Carlotti & Maggi [12],
preheating results in more effective decomposition within a
favourable range of temperature, and, in any case, a higher-
pressure loss and catalyst overloading reduce the overall

Fixed-Bed and Continuous-Flow Reactors

Propulsion-Relevant Catalyst Chambers

14

performance. Apparent kinetics in such non-isothermal
systems are manifestations of the behaviour of systems at the
system level, which depends on thermal management and
reactor geometry, and is independent of intrinsic catalytic
activity.

3.7.5.  Mechanistic Implications Across Reactor Types

Mechanistic studies also give increased insight into the
reasons why interaction effects vary in different reactor
classes. Maksimchuk ef al. [15] demonstrated that the identity
of catalysts is the one that can either lead to a heterolytic or a
homolytic reaction, and Yu & Lyu [10] confirmed that non-
catalytic oxidation on carbonaceous materials of the surface
can be significant at high concentrations. These mechanisms
are either turned on or off based on receptor-specific
temperature and concentration.

4. DISCUSSION
4.1. Interpretation of the Findings

Temperature is consistently identified as the most critical
factor in determining hydrogen peroxide decomposition
kinetics in the literature reviewed, and most observed systems
exhibit Arrhenius behaviour. As shown in both enzymatic and
heterogeneous catalytic studies, increases in temperature
accelerate decomposition by decreasing the effective
activation barrier, in agreement with the classical theory of
chemical kinetics. In enzymatic systems, the reported apparent
activation energies are relatively low when catalase is used to
decompose [6, 13]. These values are consistent with external
enzymatic kinetic measurements by Mitek [21], which report
lower activation energies for catalase due to well-optimised
active-site designs that enable rapid turnover of peroxide. On
the contrary, heterogeneous catalytic systems exhibit larger
and more unreliable activation energies. An experimentally
determined activation energy barrier to ZIF-67 was reported
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by Chen et al. [8]. In contrast, Maksimchuk et al. [15]
experimentally determined barriers to Zr-substituted
polyoxometalates, which are quantitatively similar to those
calculated by DFT. These values are consistent with Wu et al.
[22], who demonstrate that surface-mediated H202
decomposition generally exhibits activation energies that
depend on both metal identity and oxidation state. Reported
activation energies reflect apparent system-level kinetics
influenced by heat transfer, mass transport, and catalyst
deactivation, and should not be interpreted as intrinsic barriers
unless obtained under isothermal, kinetically controlled
conditions. Nonideal Arrhenius behaviour at higher
temperatures is usually due to mass-transfer considerations
and/or the restructuring or deactivation of a catalyst, as
opposed to the Zeldovich kinetic anomalies. More importantly,
multiple studies determine temperature optima rather than
monotonic increases in rates. As shown by Grubecki [6], once
the peak of enzymatic conversion was reached and further
conversion was no longer possible, enzyme deactivation
prevailed. On the same note, propulsion-oriented systems were
most efficient at mid-temperature preheating, and performance
worsened at higher temperatures due to pressure losses and the
stress imposed by catalysts [12, 17]. This point is supported by
Scott [23], claiming that optimal temperatures represent the
balance between the kinetic acceleration and the catalyst life
or the limitations of the reactor. Therefore, temperature is a
domineering, but limited, kinetic driving force.

It was observed that hydrogen peroxide concentration has
a non-linear effect on decomposition behaviour, often causing
changes in the kinetic regime. Danyliuk et al. [S] showed that
in flow systems, decomposition was first-order but deviated at
concentrations above approximately 23 mM, confirming its
progression to higher-order or mixed-order kinetic phases.
Certain types of non-linearity related to concentration have
also been documented by Villota et al. [24], in which an
increase in peroxide concentration leads to amplification of
radical-radical interactions and secondary reactions. Batch
studies are more complex, as demonstrated by Hassanein &
Abdelaziz [16]. Decomposition remained stable and
manageable, and when concentrations were increased, the
reaction became faster at the expense of thermal stability. This
corresponds to the safety-oriented literature by Ma et al. [25],
which shows that high peroxide concentrations enhance
exothermicity and oxygen evolution, thereby increasing the
likelihood of runaway reactions. Yu & Lyu [10] also provide
this insight by revealing that the oxidative decomposition
pathways catalysed by carbonaceous surfaces yield CO and
CO,, which fundamentally modify reaction chemistry.
External research supports the idea that rate laws are not able
to fully describe the effects of the concentration. Antonov
et al. [26] emphasise the contributions of localised heating,
bubble-beam mass-transfer resistance, and radical chain
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propagation, especially in localised or diffusively mixed
reactors. This does not only mean that it is the concentration
that determines the rate of the reaction, but also that it is the
concentration of the reagent and the reaction that determine the
predominance of its mechanism, the safety envelope, and
conditions of feasible operation of the reactor physicochemical
system. It is only natural that kinetic behaviour becomes
progressively systems-dependent as the peroxide strength is
raised.

The effects of catalyst chemistry and loading were found
to affect decomposition kinetics with significant, consistent
secondary effects after temperature and consistent effects after
concentration. Catalysts dominate mechanism, whereas
temperature and concentration more often dominate rate
magnitude Metal oxide catalysts and especially manganese-
based metal oxide catalyst were observed by Elbasuney et al.
[9] and Carlotti & Maggi [12] to have excellent durability and
stability, which is also consistent with the research of Yang et
al. [27], who claimed that MnO: is a powerful redox catalyst
and does not degrade in the presence of oxygen. A strong
reliance on support was observed in copper-based systems,
where rate constants are apparently dispersion- and metal-
support interaction-dependent [18]. This finding is supported
by Xia & Sautet [28] who examined the dynamic of copper
surface oxidation.

Recent innovations on catalyst architecture are through
metal-organic frameworks (MOFs) and polyoxometalates,
which give them mechanistic advantages. ZIF -67 is
particularly more effective in combination with cobalt salts
due to the increased accessibility of an active site [§].
Likewise, the presence of Zr substituted polyoxometalates
diminishes the activation barriers by stabilising the important
intermediates [15]. These findings are in line with recent
catalyst design guidelines highlighted by Qin et al. [29], which
focus on oxidation-state handling and control of the electronic
structure. The loading effects of catalysts also decreased at
higher loadings, as reported by Hassanein & Abdelaziz [16]
and Chen et al. [8]. Walker et al. [30] demonstrate that, in
addition to surface saturation, further increases in catalyst
concentration result in minimal rate increases because surface-
mass-transfer or reactant accessibility constraints limit the rate.
Notably, in most cases, high-activity catalysts have inferior
longevity, further demonstrating that activity is an inadequate
performance criterion in real operating scenarios.

The results show that kinetic parameters are not universal
and depend on interactions among temperature, concentration,
and reactor configuration. Shang et al. [19] demonstrated that
increased heat transfer enables stable, high-temperature, high-
concentration operation to support external intensification in
the process. Brown [31] recommends using microstructured
reactors to enhance external exothermic reactions. Compared
to fixed-bed and batch systems, they are more susceptible to
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gas build-up, temperature gradients and residence-time
constraints. These interactions are also explained by
mechanistic insight. Maksimchuk ef al. [15] established that
catalyst identity can determine which pathway (heterolytic or
radical) is predominant, and Yu & Lyu [10] discussed and
proved that non-catalytic surface oxidation can be the
dominant pathway at high concentrations. Zhou et al. [32]
reported that radical-mediated pathways become more
significant at higher temperatures and concentrations with less
heat removal. This means that apparent kinetics describe the
interactions of the system at the system level, not just the
intrinsic reaction rates.

The aggregate interpretation of the results is that efficient
and safe hydrogen peroxide decomposition can only be
achieved through integrated optimisation and not univariate
tuning of the variables. In the case of medical oxygen
production, low concentrations at moderate temperatures are
stable [16]. The notion is further consistent with Ashammakhi
et al. [33] in the biomedical engineering literature. The
environmental and wastewater domains are under the
advantage of having the capacity to utilise strong catalysts with
the operation under stabilised thermal conditions to prevent
catalyst degradation [9]. In the propulsion and energy system,
increases in temperature and concentration cannot be avoided,
although efficiency is determined by accurate thermal control
and reactor design [12, 17]. Alvur et al. [34] note that working
outside optimal temperature ranges results in waste and
material breakage. Altogether, it can be stated that the
decomposition of hydrogen peroxide is a situation-driven
process  that requires  application-specific  kinetic
representation and a safety-driven process design.

4.2. Strengths and Limitations

The ability to experimentally control temperature and
hydrogen peroxide concentration is the primary strength of the
reviewed body of evidence, as it represents the most critical
kinetic drivers identified across various studies. Most of the
studies have used accurate heat regulation such as water bath,
preheating conditions, pressurised conditions and clearly
reported the ranges of concentration thus allowing
reproducible kinetic interpretation [6, 8, 16]. The literature also
shows that there is a wide range of catalyst systems and reactor
configurations in existence such as metal oxides, metal-
organic frameworks, polyoxometalates, and carbonaceous
materials, and enzymatic catalysts. They were tested in batch,
fixed-sum, continuous-flow, microreactor, and propulsion
relevant reactor design schemes [12, 15, 19]. It is important to
note that the majority of studies also provided quantitative
kinetic or performance type data, including the rate constants,
the orders of the reaction, the activation energy, conversion
efficiencies, and temperature increments, among others, which
help to synthesise the cross-studies [5, 8, 13]. In recent years,
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methodological sophistication has also advanced, with more
frequent use of continuous-flow systems that better model
industrial conditions and mechanistic validation, which
combines experimental kinetics with calculations using
density-functional theory to increase causal interpretation [11,
15]. In combination, these characteristics suggest that the
research is well aligned with best practices in chemical kinetics
and catalysis, thereby enhancing the credibility of the overall
evidence base.

However, the discipline has a number of methodological
flaws that hamper interpretation. The most important of them
is the lack of full-factorial experimental designs, which would
make it possible to manipulate the temperature, hydrogen
peroxide  concentration, and catalyst concentration
simultaneously and prevent the statistical quantification of
interaction effects [9, 18]. Other problems are a lack of
consistency in reporting the uncertainty in the experiments,
error propagation, and replication; most of the studies supply
little information on the repeatability or variance [10, 12].
Short-period testing, which is used to measure peak
performance in works related to high-temperature and
propulsion research, provides little information on the long-
term stability or deactivation of catalysts [17]. In addition, the
majority of experiments have been performed in controlled
laboratory conditions and under ideally controlled conditions,
which make it difficult to handle the problem of scale-up, as
well as translation into practise, especially in regards to heat
removal, mass transfer, and safety considerations [5, 19]. The
durability of catalysts on a long-term basis was not
systematically assessed across the full range of catalyst classes,
and there are gaps in life-cycle knowledge. These limitations
suggest the possibility of over-generalising these kinetic
parameters beyond their experimental conditions. The reactor
design, concentration regime, and catalyst preparation vary,
making cross-studies difficult to compare even when
comparable rate laws are reported. Although a subset of
records could not be retrieved in full, these exclusions are
unlikely to bias conclusions, as eligibility required detailed
kinetic reporting, reactor description, and quantitative
parameterisation that were absent from unavailable records.
Therefore, integrated, statistically robust experimental and
long-term validity studies should be given priority in future
research in the scope of enhancing translational relevance. By
filling these gaps, faith in kinetic modelling will be reinforced,
and a safer and application-specific implementation of
hydrogen peroxide decomposition systems will be realised.
Table S highlights that although the included studies
consistently report strong temperature and concentration
effects, methodological limitations relating to scale-up, long-
term catalyst stability, and interaction analysis remain
common across the literature.



Majestic American Journal of Chemistry, 2026, Vol. 1

Hafiz Muhammad Zohaib

Table 5. Summary of key findings and methodological limitations.

Study

Major Finding

Main Limitation

Chen et al. 8]

Catalyst loading increases decomposition rate

Batch-scale only

Danyliuk et al. [5]

Kinetic regime shift above 23 mM

Flow limitations

Grubecki [6]

Temperature optimum identified

Enzymatic system only

Huh et al. [17]

Optimal preheating window

Short-duration tests

Hassanein & Abdelaziz [16]

Stable oxygen generation at low concentrations

Small laboratory scale

Shang et al. [19]

High-temperature operation in microreactors

Limited scale-up relevance

Lietal [11]

Good catalyst reusability

Limited long-term operation

4.3. Practical Implications

The results of the current review have several practical
implications for the design, operation, and security
management of hydrogen-peroxide-based systems in
industrial, medical, and energy-related practice. To begin with,
the stable reliance of temperature and hydrogen-peroxide
concentration as key kinetic drivers, while operating in the
reactors, signifies the importance of accurate thermal and
concentration regulation of the reactors. Instead of forcing the
temperature or concentration past the equilibrium point to
rapidly decompose the sample, operators should aim for
system-specific optimal operating ranges that balance reaction
efficiency and catalyst deactivation, pressure loss and thermal
runaway risk. Second, the findings prove the applicability of
catalyst selection and loading to be application-specific. In
time-continuous or long-term operations, including medical
oxygen production or wastewater purification, stable catalysts
(e.g., MnO; or immobilised catalase) with low levels of H20:
are more easily controllable and safe. On the contrary,
propulsion, and energy systems can utilise higher
concentrations and temperatures but must use supporting
catalysts that are robust and manage heat so that the efficiency
is not lost and materials do not fail. Third, the potent role of
the reactor design implies that micro-reactors and intensified
flow regimens are highly beneficial to high-temperature
operations or high-concentration ones because of the improved
heat and mass transfer. Lastly, the evidence warns against the
immediate application of laboratory-proven kinetic parameters
at the industrial scale without considering interactions among
temperature, concentration, and hydrodynamics. All these
implications, combined, will contribute to the creation of
integrated, safety-conscious process designs with greater
emphasis on controlled decomposition than on maximum
reaction rate, thereby providing higher reliability, scalability,
and operating safety.

This review advances the existing literature in several
ways. First, it synthesises evidence across multiple application
domains rather than focusing on a single catalyst family or
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reactor type. Second, it compares temperature effects,
hydrogen peroxide concentration effects, and catalyst
concentration effects within a common analytical framework.
Third, the review highlights interaction effects among
temperature, concentration, catalyst characteristics, and
reactor design, demonstrating that apparent kinetic behaviour
is strongly system-dependent. Finally, the review adopts a
safety-oriented perspective by linking kinetic behaviour with
thermal stability, catalyst durability, and operational risk,
thereby providing guidance for practical process optimisation
and scale-up.

CONCLUSION

This systematic literature review evaluated the effects of
temperature and catalyst concentration/loading on the
decomposition kinetics of hydrogen peroxide. This is done by
synthesising evidence from recent primary experimental
studies involving enzymatic, heterogeneous catalytic, and
reactor-intensified systems. The results prove that temperature
and the concentration of hydrogen peroxide are the most
common kinetic drivers, and they are in control of the reaction
rate, conversion efficiency, and stability in a variety of
exploration settings under most reported conditions. Although
the specific type of catalyst, structure and loading can play a
significant role in performance; this does not override the
underlying thermal and concentration relationships that the
decomposition process can inherently exhibit. The analysis
also indicates that the hydrogen peroxide decomposition is not
a process which can be described using general kinetic
parameters. Instead, nonlinear behaviour, shift in kinetic
regimes and limits to operation are due to system-specific
interactions of temperature, concentration, catalyst chemistry
and reactor design. Ideal operating regimes not due to
monotonic rate increments but due to the catalyst deactivation,
mass-transfer and most importantly safety restrictions in high
temperatures and concentrations were also observed in both
enzymatic and heterogeneous systems. Future studies should
focus on integrated factorial experimental designs that
simultaneously vary temperature, hydrogen peroxide
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concentration, and catalyst concentration to assess interactions
with greater statistical power. Increased focus is also needed
on the long-term stability of catalysts, the reporting of
uncertainties, and scale-related reactor configurations, mainly
those used in industrial and propulsion applications. This
synthesis informs how reported kinetic parameters are
interpreted and applied in system-specific contexts.
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