
By Ignacio Cantera García
R&D Pharma Manager at Telstar

WHITE PAPER 
© Azbil Telstar. February 2019

Head-to-Head comparison of Hydrogen 
Peroxide and Steam sterilization



A  B  S  T  R  A  C  T

The pharmaceutical industry is increasingly using different sterilization technologies rather than 
steam sterilization. This increase is driven by the need for sterilizing thermo-labile products or 
areas that cannot be dimensioned as a pressure vessel (barrier systems such as Closed Restricted 
Access Areas or Isolators), under “softer” conditions. However, the reliability and repeatability 
of this process are compromised by the complexity of using a vapor phase compound that 
requires homogeneity (material, temperature, pressure, moisture), in order to ensure sterility.    

Introduction

Sterilization is any process that ensures that no 
viable microorganisms are present in the object or 
area to be decontaminated. The pharmacopoeia 
standards generally accept that a reduction of 
99,9999 % in the living population, including 
bacteria, viruses, fungi, spores and prions, can be 
considered as sterilization. 

In the pharmaceutical industry, sterilization 
processes are applied to any material, equipment 
or product that are potential carriers of biological 
contamination. These processes have been 
traditionally related to high temperature cycles 
that are, in most cases, accompanied by steam to 
enhance the transport of heat towards the system 
to be sterilized. 

In the last decade, the Food and Drug 
Administration (FDA) has received an increasing 
number of 510 (k)s for devices labeled as sterile 
that use sterilization methods other than the 
steam sterilization (established methods). Among 
these methods, Hydrogen Peroxide, appears 
to be the most common chemical sterilant that 
reaches a Sterility Assurance Level (SAL) of 10-6 
with no toxic byproducts. 

This paper intends to describe how a Category 
A (established method with clear consensus 
for cycle development, validation and routine 
control that are recognized by FDA), known as 
steam sterilization, cope with the microbial and 
technological challenges compared to established 
method category B (established method but no 
FDA recognized consensus standards), Hydrogen 
Peroxide, within a limited enclosure: a freeze 
dryer chamber and condenser.

The parameters to be analyzed for both processes 
will be the following:

1. Technology application
2. Sterilization assurance, validation and sterility 

testing

Prior to analysis the basic concepts for both 
freeze drying and sterilization processes will be 
developed. 

1.1. Freeze Drying

Freeze drying is a dehydration process by direct 
sublimation of ice crystals from a frozen product. 
Freezing substances enhances the rigidity of the 
product and prevents collapse of the solid matrix 
that remains after drying; the result is a dried 
product with a porous, non-shrunken structure, 
which facilitates rapid and almost complete 
rehydration (Liapis and Bruttini, 2006).

The process is formed by three clear phases: 
freezing, primary drying and secondary drying. 
All of them are intensive in energy consumption. 
As a reference, a freeze dryer of 10 m2 useful 
surface area, consumes approximately 7,4x106 kJ 
during the three processes in sterile processes. In 
addition to the three main processes, every cycle, 
considering the Good Manufacturing Practices 
(GMP) guidelines, is followed by certain auxiliary 
cycles:

1. Cleaning In Place (CIP)
2. Sterilization In Place (SIP)
3. Others (Filter Integrity Test or Performance 

Test)
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Therefore, the energy consumption is even higher. 
The SIP, including the steam generation and heat 
absorbed by the chamber and condenser is in the 
range of up to 10% of the process total energy.

1.2. Steam Sterilization

Steam sterilization is a process that has been in 
use for more than a century. The process intends 
to decrease the microbial bioburden at least 
to 10-6 through the injection of a heat carrier 
(water vapor, a more suitable carrier than hot 
air) to reach up to 121ºC at 1,5 bars and the 
contact between water vapor and the microbial 
membrane. In regards to this technology it is 
important to remember the following six factors 
that may affect the killing rate:

1. Time
2. Temperature
3. Moisture
4. Direct steam contact
5. Air removal

1.3. Hydrogen Peroxide Sterilization

Hydrogen peroxide is a powerful oxidant 
that is capable of killing highly resistance 
microorganisms, including spores. It penetrates 
the bacterial cell wall by passive diffusion and 
then acts by denaturing proteins, DNA, and other 
components inside the bacterial cell(Holmdahl, 
Lanbeck, Wullt, & Walder, 2011). Furthermore, 
due to its environmentally friendly and nontoxic 
decomposition products, hydrogen peroxide is 
increasingly used instead of other vapor phase 
sterilants like ethylene oxide and formaldehyde, 
which are toxic, carcinogenic, and potentially 
explosive (Unger-Bimczok, Kottke, Hertel, & 
Rauschnabel, 2008).

The hydrogen peroxide is always injected and 
dissolved in a certain amount of water. Both 
substances interact when vaporized or nebulized, 
and due to the hydrogen bonding they do not 
obey directly to the Raoult’s law.  Thus, an ideal 
model is not easy to apply. 

The hydrogen peroxide solutions can vary from 
3-4% w/w to up to 35% w/w. This value is 
somehow related to the required decontamination 
level.

Decontamination throughout hydrogen peroxide 
is broadly used not just in the pharmaceutical 
industry but also in hospitals, cleanrooms and the 
food industry. Therefore the delivery forms and 
methods are also broad:

1. Vaporized Hydrogen Peroxide
2. Micro-condensed Hydrogen Peroxide
3. Nebulized Hydrogen Peroxide

However, this article will focus on vaporized 
and micro condensed hydrogen peroxide as 
they have more valuable background. These 
technologies have been historically developed 
by the two bigger manufacturers of hydrogen 
peroxide sterilizing units, STERIS and BIOQUELL.

In terms of process application, the following 
factors should be taken into account when 
discussing this subject:

1. Time
2. Gas-Liquid phase
3. Sterilant concentration
4. Injection location
5. Hydrogen peroxide contact and distribution
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2. Hydrogen Peroxide and Steam 
Sterilization comparison 

2.1. Technology application

Steam Sterilization

A common steam sterilization process in a freeze 
drying equipment is composed of at least four 
phases: conditioning, steam injection, dwell time 
and aeration. 

Fig. 1 – Standard SIP cycle in a Freeze dryer. Sequence from 
left to right: Conditioning, Steam injection, Dwell time and 

Aeration

The application of this process within freeze dryer 
factors in the following considerations: 

1.  Pressure Equipment Directive compliance
2.  High quality, ultra-pure steam availability
3.  Vacuum pump group
4.  Special manufacturing materials & instruments 
5.  Equipment design -  drainability

Taking into account the working pressure (at the 
common temperature of 121ºC), the vessel should 
be dimensioned to no less than 2,7 bar, which is 
the pressure that according to the pressure vessels 
codes (for instance AD 2000 Merkblatter)  the 
hydrostatic test should be performed. Therefore, 
the vessel should be reinforced and documented 
accordingly. This fact has an obvious impact 
on the capital expenditure (CAPEX) that will 
be further analyzed in point four of the current 
document. In addition from a safety point of 
view, continuous inspections should be carried 
out of the pressurized vessel in the facility. After 
ten working years the certification of the pressure 
vessel will need to be renewed. All materials and 
sensors should be capable of withstanding up 
to at least the steam sterilization temperature, 
but also, temperatures that are required for the 

freezing and primary drying, which are below 
-50ºC. 

The location of these instruments together with 
the design of the chamber and condenser should 
allow for adequate drainage. Even minimized, 
those parts will generate colder points where the 
condensates could accumulate and reduce the 
sterilizing effect. These colder areas should be 
the ones to be identified and monitored when 
performing a validation cycle.

From the utilities point of view, only pure steam 
should be used to meet the pharmacopeia 
standards. Filtered plant steam should be avoided 
due to the large amount of non-condensable 
gases, mainly air. The pure steam should have 
less than 3,5% of non-condensable gases per unit 
volume and  a dryness of between 0,9 and 1,5 
(according to the EN 385).

Hydrogen peroxide

Even though hydrogen peroxide sterilization has 
been applied in barrier systems (systems that create 
a physical barrier between operator and product, 
preventing either contamination of the product, 
or of the operator or both of them) for more than 
ten years, its application differs depending on the 
different technology manufacturers. 

Published data regarding the influence of 
operating conditions on the effectiveness of 
hydrogen peroxide vapor decontaminations are 
not conclusive. Until now, no standard system or 
method has been established for the evaluation 
of the sporicidal effect of hydrogen peroxide. 
Therefore, it is not an easy task to describe 
the technology needs for Hydrogen Peroxide 
sterilization. 

To understand the main principles of its technology 
application, it is important to remember several 
concepts. Hydrogen peroxide, at standard 
conditions (293 K and 1 atm), is present both in 
liquid and vapor phase. When the concentration 
of the hydrogen peroxide is higher than the 
saturation point in air, at a certain temperature, 
condensation occurs. This is the so called dew 
point. When injecting this sterilant, it is always 
important to remember that it is dissolved in 
water, so the environmental moisture will affect 
the condensation effect. 
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In order to perform a dry or micro-condensed 
sterilization, it is a must that all surfaces and 
volumes are maintained under the same conditions 
to ensure the homogeneity of the process. 
According to several publications such as, Unger-
Bimczok et al, 2018, almost nothing is known 
with certainty with respect to concentration and 
location. Obviously, this uncertainty increases 
as the volume to be decontaminated or load 
increases. In addition, the geometry of the system 
also affects the homogeneity. So, a freeze dryer 
poses an important challenge when trying to 
maintain homogeneity of the process. 

Fig. 2 – Hydrogen peroxide diagram in a Freeze dryer

The application of any sterilization method based 
on Hydrogen Peroxide should consider, (apart 
from the discussed environmental conditions), 
the following:

1. Special manufacturing materials
2. Conditioning of chamber and condenser
3. Safety and product quality 
4. Point of injection

The freeze dryer should consider a sequence, 
with the obvious increase in time that enhance 
the homogeneity of the chamber and ensure 
that no water remains from the CIP cycle. If 
water remains, the hydrogen peroxide will 
preferentially condense on it, preventing the 
sterilization in those places. Depending on the 
cycle to be performed, micro-condensation or dry 
sterilization, the conditioning would be different. 
Anyhow, it is unlikely, that the homogeneity is 
reached. This time can vary from 20 minutes to up 
to 40 considering the large areas to be “treated” 
(drying time), up to 30 min for temperature and 
moisture conditioning, 30 min for dwell time and 
up to 2 hours for aeration. 

The oxidizing effect that ensures the microbial 
deactivation also has an impact in the construction 

materials of the freeze dryer. The elastomeric 
parts together with the instrumentation design 
should always keep in mind the compatibility 
with this chemical compound.

From the process point of view, the point/s of 
injection together with the distribution of the 
sterilant are key parameters in achieving the 6log 
reduction. A study revealed (Agalloco et al, 2013) 
that a bioindicator placed just under the point of 
injection was not killed (when performing dry 
sterilization). So, even though the temperature at 
that point was definitely higher, no condensation 
occurred and the spore was not deactivated. 
This factor proves the uncertainty of the mode 
of killing, whether it is in the gas or liquid phase. 
If liquid phase is required, it is unlikely to ensure 
that a proper distribution is achieved, but if gas is 
the one to be used, there is no way of maintaining 
such a large area at the same conditions during 
the whole cycle.

Finally, the safety of the operator and quality of 
the product to be put inside the freeze dryer 
are somehow compromised by the addition of 
a hazardous compound. It could pose a risk, 
not just due to operator inhalation but it could 
dissolve into the injectable solution. There is a 
clear guideline from the Occupational Safety 
and Health Administration (OSHA) in regards to 
the accepted Operator Exposure Level (OEL), 1 
ppm. Therefore an aeration time and an interlock 
should be considered prior to the next working 
phase. However, the clear guideline for the 
biological products that could be exposed, is not 
available yet. There are some studies that suggest 
that the ppb range should be achieved. These 
values are not just a problem from the aeration 
point of view but also from the detection point of 
view, there are no standard instruments for such 
a high precision.                                            (1)

2.2. Sterility assurance, validation and testing

When ensuring sterility, the technology 
background and robustness plays and important 
role. The steam sterilization bases its assurance 
throughout the temperature and vapor 
penetration. There are bioindicators that placed 
in the most difficult areas prove the sterilization 
capabilities of the cycle. Also, chemical indicators 
are available to prove the vapor penetration. 
Finally, a vacuum hold test (the freeze dryer 
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already have this test implemented) and Bowie-
Dick test should be performed to ensure sufficient 
air removal (Dion & Parker, 2013) . Throughout 
these tests, taking into account the historical 
reliability of the process, the homogeneity of the 
process is ensured.

The hydrogen peroxide validation may be 
performed with the same biological indicators 
and chemical indicators to prove the hydrogen 
peroxide penetration. Nevertheless, the clumping 
effect that surely occurs in several bioindicators, 
can end in false positives (Hai Quan et al., 2013). 
The way the bioindicators are manufactured and 
dimensioned (D-Value calculation) is not always 
representative of the real process. 

This clumping effect is null when talking about 
steam sterilization. The formed barrier above 
the microbial load does not affect the traditional 
sterilization as the working pressure benefits the 
transport.

Finally, even though the location of the 
bioindicators in steam sterilization is clearer 
(coldest and “less” drainable area), the way the 
bioindicators are distributed in hydrogen peroxide 
sterilization is not that clear.

On the other hand, while the repeatability of 
the steam process is ensured throughout a 
parametrical validation, the hydrogen peroxide 
sterilization does not have clear parameters that 
give a 100% probability of maintaining the same 
conditions of temperature, pressure and moisture 
(which gives the final concentration exposure of 
hydrogen peroxide) all along the chamber. It is 
even dependent on the type of material to be 
sterilized ((Ito, Yoo, & Horata, 2016).
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5. Conclusion

The successful use of any decontamination or sterilization process requires a thorough understanding 
of the underlying principles of the process with particular attention to those aspects that differentiate 
it from other methods, because these represent potential risks to overcome. This sentence, extracted 
from “Overcoming Limitations of Vaporized Hydrogen Peroxide,” Allagoco et al, 2013, summarizes 
the intention of this article of reflecting the need of a reliable and well characterized method to ensure 
sterility in the pharmacopeia environment. The two-phase nature of the vapor-phase H2O2 process 
introduces complexities that, if not well understood, can prevent successful use. 

In spite of having a recognized background in barrier systems, little is known of hydrogen peroxide in the 
application of the sterilant over larger areas, with different materials, and containing such a large amount 
of biological containers within the same enclosure.

Moreover, its validation is still under investigation, and each manufacturer produces its own bioindicator 
that ensures no clumping is produced. However, several studies reject that theory.

Economically, even though steam sterilization implies compliance with the Pressure Equipment Directive 
and the chamber is built to calculated dimensions (according to Telstar experience this value can vary 
from 10-15% of the total cost of the freeze dryer), the total CAPEX cost will never be larger than the 
hydrogen peroxide required for installation and initial validation costs (100-150 k€. 

Summarizing, hydrogen peroxide is a valid technology, proven with experience in the field of barrier 
systems. In areas or systems where a pressure vessel can be applied, the facts of increasing robustness and 
reliability (and even economic impact) of such a sensitive process within the pharma industry, concludes 
that steam sterilization is still an unbeaten process.
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