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Concerns have been raised about both the disinfection and the reusability of respiratory protective equipment
following a disinfection process. Currently, there is little data available on the effects of disinfection and decon-
tamination on positive pressure respiratory protective hoods (PPRPH). In this study, we evaluated the effect of
vaporized hydrogen peroxide (VHP) on the disinfection of PPRPH to determine applicability of this method for
disinfection of protective equipment, especially protective equipment with an electric supply system.
A hydrogen peroxide-based fumigation sterilization cabinet was developed particularly for disinfection of pro-
tective equipment, and the disinfection experiments were conducted using four PPRPHs hung in the fumigation
chamber. The pathogenic microorganism Geobacillus stearothermophilus ATCC 7953 was used as a biological
indicator in this study and the relationship between air flow (the amount of VHP) and disinfection was investi-
gated. Both function and the material physical properties of the PPRPH were assessed following the disinfection
procedure. No surviving Geobacillus stearothermophilus ATCC 7953, both inside and outside of these disinfected
PPRPHs, could be observed after a 60 min treatment with an air flow of 10.5–12.3 m3/h. Both function and
material physical properties of these PPRPHs met the working requirements after disinfection.
This study indicates that air flow in the fumigation chamber directly influences the concentration of VHP. The
protective equipment fumigation sterilization cabinet developed in this paper achieves the complete sterilization
of the PPRPHs when the air flow is at 10.5–12.3 m3/h, and provides a potential solution for the disinfection of
various kind of protective equipment.
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1. Introduction

Research on respiratory protection against biologic agents is important
to address major concerns such as occupational safety and terrorist attack
[1]. Personal protective equipment is known to be a crucial non-
pharmaceutical method for preventing influenza pandemics [2], with
powered air-purifying respirators (PAPRs) and positive pressure respira-
tory protective hoods (PPRPHs) commonly used as respiratory protective
equipment [3]. It is reported that influenza viruses can survive N8 h on
the surface ofDupont Tyvek, surgicalmasks and soon [4], and Ebola viruses
can persist on surfaces for up to five days [5]. Sakaguchi et al. feel that the
presence of viruses on the surfaces of personal protective equipment is an
important factor in cross-contamination and the spread of infection [4].

Before reuse, respiratory protective equipment has to be de-
contaminated thoroughly in order to control cross-infection from the
pathogenic microorganisms on their surfaces. There are limited reports
f System
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on sterilization of items such as N95 masks and protective clothing
[6–8]. Chlorine disinfectant, autoclaving and dry heating sterilization
exhibited gooddisinfection, andcould completely sterilizeN95 respirators.
However, the N95 respirators were deformed and could not be reused
after disinfection [6–8]. Although UVC irradiation and ethanol disinfection
had little effect on the properties of the equipment, theywere not effective
at eliminating pathogens [7–9]. The material of PPRPHs is thermoplastic
urethane (TPU) or polyvinyl chloride (PVC) which differs from the N95
respirator. UVC cannot penetrate this material. The electric air supply sys-
tem of the PPRPH cannotwithstand in high temperatures. Therefore, UVC,
autoclave and dry heating sterilization are not suitable for the PPRPHs.

Viscusi et al. indicated that ethylene oxide and vaporized hydrogen
peroxide (VHP) were potential ideal chemicals that could be used for
disinfection of respiratory protective equipment in the future, but
unfortunately the author did not carry out the disinfection evaluation
[7]. The use of ethylene oxide is limited because of its flammable and
explosive properties, and because it needs more than 6 h to achieve
an acceptable disinfection effect. VHP can automatically degrade into
water and oxygen in nature, and therefore is friendly to the environ-
ment. Hydrogen peroxide decontamination systems are widely used
his is an open access article under the CC BY-NC-ND license
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Figure 1. The internal structure of the Fumigation Sterilization Cabinet. Note: 1 - the
positive protective respiratory hood, 2 - the electric air supply system for the hood, 3 -
the main pipe of the gas disinfectant delivery, 4 - the branch pipe of the gas disinfectant
delivery, 5 - the tank of hydrogen peroxide, 6 - the residual elimination module, 7 - the
perforated partition between the upper and lower parts of the protective equipment
fumigation sterilization chamber.

HIGHLIGHTS

Scientific question
Positive pressure respiratory protective hoods (PPRPHs) are used
to protect the health of medical staff or researchers dealing with
highly infectious pathogens, such as severe acute respiratory syn-
drome coronavirus (SARS-CoV) or Ebola virus. When there is di-
rect contact with highly infectious pathogens, it is critically
important that the PPRPH is thoroughly disinfected following
use. This is a crucial issue for the reusability of this protective
gear.

Evidence before this study
There are limited reports on the sterilization of respiratory protec-
tive equipment. Chlorine disinfectant, autoclaving and dry heat
sterilization have been shown to completely sterilize N95 respira-
tors. However, the N95 respirators could not be reused after disin-
fection. Ethylene oxide and vaporized hydrogen peroxide (VHP)
were proposed as ideal chemicals for the disinfection of respira-
tory protective equipment (Viscusi et al.), but the authors did not
carry out a disinfection evaluation.

New findings
Compared with ethylene oxide disinfection, VHP disinfection re-
quires less time, and is more environmentally friendly. To under-
stand the effect of VHP decontamination on PPRPHs, a
hydrogen peroxide-based fumigation sterilization cabinet was de-
veloped. The effect of VHP on the performance of the PPRPHs
was investigated in detail. When used in the fumigation cabinet,
VHP exhibited excellent disinfection, with no deleterious effect
on PPRPH performance. After sterilizations, the PPRPHs remained
fully functional.

Significance of the study
We have developed and described reliable disinfection equipment
based onVHP,which not only achieves thorough disinfection, but
also does not affect the material properties and protective proper-
ties of treated PPRPHs. Thus our study provides a universal solu-
tion for the reuse of respiratory protective equipment.
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to reduce the risk of infection in hospitals, biosafety laboratories, and so
on [10,11]. Chou et al. demonstrated that hydrogen peroxide had no ef-
fect on the mechanical properties of nylon, polyester, and Nomex [12].

In this paper, the feasibility of VHP as a decontamination chemical
for PPRPH was investigated. A hydrogen peroxide-based fumigation
sterilization cabinet was particularly designed for the decontamination
of protective equipment, and the disinfection efficiency of VHP as well
as the performance of the PPRPHs post-disinfection was also evaluated.

2. Materials and methods

2.1. Bacteria and materials

The commercially available biological indicators used in this study
were composed of grade 304 stainless steel carriers, each inoculated
with 1 × 106 spores of Geobacillus stearothermophilus ATCC7953. The
biological indicators sealed in Tyvek™, were manufactured by Mesa
Laboratories, Denver, Colorado, USA. Bromocresol peptone medium are
commercially available from Rui Chu Biological Technology Corporation
in China. Hydrogen peroxide (H2O2, 30%) is mos grade, and other agents
are all analytically pure. The air multi-parameter tester (TSI 8386A) used
was produced by TSI Company in America. The hydrogen peroxide
concentration sensor is HPP270 series products (Vaisala PEROXCAP®)
produced by Vaisala company in Finland. The PPRPH used were from
the National Bio-protection Engineering Center of China.

2.2. The development of the protective equipment fumigation
sterilization cabinet

A hydrogen peroxide-based fumigation sterilization cabinet was
developed for protective equipment disinfection. The whole steriliza-
tion cabinet was made of welding stainless steel, and consists of two
compartments, a VHP generating chamber and a protective equipment
fumigation chamber (Figure 1), which was connected by a perforated
partition in themiddle of the protective equipment fumigation steriliza-
tion cabinet. The whole disinfection process includes the preparation
(hydrogen peroxide injection), the disinfection, and the residual
gas removal.

The VHP generating chamber is composed of a hydrogen peroxide
gas generator module, a residual gas eliminationmodule and a pressure
relief module. There is a main pipe for transporting VHP, which is di-
vided into 4 branch pipes for delivering VHP to the PPRPHs. The
power of the fan in the VHP generating chamber can be changed to
alter VHP distribution. The wind speed regulated by the fan power
(40%–80%) is measured using a TSI air multi-parameter tester. The
method is to place a tubewithΦ60 tomeasure thewind speed supplied
for the four branch pipes. The amount of air flow is calculated according
to the following formulas (1) and (2).

v ¼ V1 þ V2 þ V3 þ V4 þ V5

5
ð1Þ

Q ¼ 3600� vS ð2Þ

where v, vn, Q, S represent the averagewind speed (m/s), thewind speed
of each measuring point (m/s), the average air flow speed (m3/h), the
cross-sectional area of the test pipeline (m2), respectively.

The parameter monitoring module is integrated into the fumigation
chamber and can display real-time temperature, humidity and pressure
during the disinfection process. An internal hydrogen peroxide concen-
tration sensor is used to measure the hydrogen peroxide concentration
in the fumigation chamber. There are four hooks in the fumigation
chamber which are used to hold four sets of PPRPHs or other personal



Figure 2. The fumigation sterilization cabinet.
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protective equipment. Four sets of electric air supply systems can be
placed on the perforated partition. The fumigation chamber is equipped
with an airtight door to ensure the air tightness during the disinfection
process.

2.3. Determination of VHP disinfection conditions

The disinfection parameter determination was conducted in a cabi-
net equipped with a door, gloves, injection ports, and connection for
electricity. Four electric fans (HSL-2; Emicorcom, Leqing, China) were
installed in the corner of the cabinet to mix the fumigant [13]. The rate
of hydrogen peroxide injection was adjusted by changing the speed
of peristaltic pump connected to the flash vessel. When the speed of
peristaltic pump was increased from 6 to 30 rpm, the injection rate of
hydrogen peroxide rose correspondingly from 0.8 g/min to 4 g/min.
The effect of injection time on disinfection efficiency was also investi-
gated when the total disinfection time remained unchanged. The injec-
tion ratewas set to 4 g/min, with injection times of 5, 10, 15, and 20min,
respectively, and the consumption of hydrogenperoxide ranged from20
to 80 g. Before the experiments, three plates (each with a stainless steel
slide on it) were placed in the center of the chamber. Following the dis-
infection experiments, the plates were covered and removed via a pass
box to a biological safety cabinet. All of the experiments were repeated
three times using three slides.

2.4. Decontamination of PPRPH

The protective equipment fumigation sterilization cabinet was
operated according to the instructions. After opening the airtight door,
Figure 3. The schematic diagram of different key technologies. Note: (a) Stable addition of hy
distribution of hydrogen peroxide injection.
four PPRPHs were placed in the fumigation chamber, and then the
breathing tubes and the power supply system (not in operation) were
connected to them. The concentration of VHP in different positions of
the fumigation chamberwas tested by the sensor (Vaisala PEROXCAP®).
Four stainless steel slides were placed at different positions inside
the PPRPH, and other slides were placed on different positions of the
fumigation chamber. After the disinfection, the biological indicators
were taken out of the chamber and placed into a sterile beaker.

2.5. Treatment and evaluation of the biological indicators

According to the regulations of the disinfection technical specifica-
tion (the 2002 edition) [14], the method of qualitative culture was
used for the analysis of biological indicators. The stainless steel slides
were transferred into a test tube containing sterile bromocresol purple
broth medium using sterile forceps and incubated at 55 °C for 48 h. In
the event of survival of G. stearothermophilus, the bromocresol purple
broth medium will turn yellow, indicating bacterial growth.

2.6. Performance test for PPRPH

2.6.1. Protective performance test
The static pressure difference, noise and air supply volume were

tested before and after disinfection of a PPRPH [15]. For the test, a
human model wore the PPRPH with the pressure tube placed inside
the hood and the noise meter placed near the ear inside the PPRPH.
The static pressure and noise of the PPRPH were tested both before
stabilization and after stabilization for 10 times, recording the displayed
values.
drogen peroxide; (b) Hydrogen peroxide flash evaporator; (c) Ventilation technology to



Figure 4. The main performance of the fumigation sterilization cabinet. (a) The relationship between the fan power and the air flow of the four branch pipes; (b) Fluctuations of air
pressure in fumigation chamber during hydrogen peroxide injection; (c) Catalytic efficiency of VHP.
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The air supply volume of the power supply air systemwas tested by
measuring the actual flow rate of the four filter inlets. The amount of air
supplied was calculated according to the formulas (1) and (2) based on
testing the wind speed at five points of the cross-sectional area of the
pipe with an air multi-parameter tester by clamping the pipe with a
length of 300 mm of Φ50 at the air inlet of the filter.
2.6.2. Physical performance test
The physical property of the materials was tested according to the

method of the national standard of China (GB 24539-2009) [16] to con-
firm whether the mechanical properties of the materials after repeated
Table 1
Effect of different hydrogen peroxide injection rate on disinfection effect.

Injection rate of
hydrogen
peroxide
(g/min)

Injection amount of
hydrogen peroxide
(g)

The
disinfection
efficiency

Positive
control

Negative
control

1 2 3

4.00 240 − − − + −
2.60 160 − − − + −
1.30 80 − − − + −
1.07 64 − − − + −
0.80 48 + + − + −

Note: 1, 2 and 3 represented that the experiments repeated for three times. ‘−’means no
spores growth; ‘+’ means the spores growth.
disinfection meet the standard requirements, particularly the seam
strength, and the puncture resistance of the material.
3. Results

3.1. The performance of the protective equipment fumigation
sterilization cabinet

Figure 2 shows the protective equipment fumigation sterilization
cabinet. The complete disinfection procedure includes putting the
ready-to-be-disinfected equipment inside the chamber, injection of hy-
drogen peroxide, disinfection, and removal of residual gas. In the
Table 2
Effect of different injection time on disinfection effect.

Injection time of
hydrogen
peroxide
(min)

Injection amount of
hydrogen peroxide
(g)

The
disinfection
efficiency

Positive
control

Negative
control

1 2 3

20 80 − − − + −
15 60 − − − + −
10 40 + + + + −
5 20 + + + + −

Note: 1, 2 and 3 represented that the experiments repeated for three times. ‘−’means no
spores growth; ‘+’ means the spores growth.



Figure 5. The VHP concentrations in the fumigation chamber. Note: (a) The test location; (b–d) The concentration of VHP at 14 positions when the efficiency of the fan power was 60%;
(e) The concentration of VHP at position No. 1 with different efficiency of the fan power.

50 L. Hao et al. / Biosafety and Health 1 (2019) 46–53
preparation stage, concentrations of VHP were controlled by adjusting
both the peristaltic pump and themetering pump (Figure 3a), hydrogen
peroxide droplets were added to the flash evaporator at a fixed rate
(Figure 3b), which was vaporized instantly. The vaporized hydrogen
peroxide vapor was directed into the interior of the hoods using venti-
lation technology (Figures 3c, 4a). During the injection process, the
pressure relief module in the chamber can ensure the pressure is main-
tained at a favorable range (Figure 4b). After the disinfection, the fan in-
side the chamber exhausted the vaporized hydrogen peroxide from the
catalytic module, and its concentration gradually dropped to 10 ppm
through continuous cycles (Figure 4c).
3.2. Determination of optimal disinfection conditions using VHP

Survival of Geobacillus stearothermophilus spores was used to verify
the disinfection efficiency of VHP in this study [11]. The effects of different
injection rates and different injection times were investigated to deter-
mine optimal disinfection conditions.

As showed in Table 1, with the increase of VPH injection rate, the
consumption of hydrogen peroxide also increased. When the injection
rate was higher than 1.07 g/min which represented the injection
amount of VPH higher than 64 g, complete sterilization was achieved.
The effect of reducing the injection time on the disinfection was tested



Table 3
The disinfection results of the hoods with different air flow.

Efficiency of
fan power
(%)

The PPRPH on
No. 2 branch
pipe

The PPRPH on
No. 4 branch
pipe

Fumigation
chamber

Positive
control

Negative
control

a b c d A B c d e l

40 − + + + + + + + + + + −
50 + − − − − − − − + − + −
60 − − − − − − − − − − + −
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using a high injection rate (4 g/min.), with the total disinfection time
held constant at 60 min. As the results show in Table 2, when the injec-
tion timewas N15min, and the consumption of hydrogen peroxide was
N60 g, complete sterilization can be achieved. The consumption of the
hydrogen peroxide was themain factor affecting the disinfection effect.
In our results, we obtained two sets of parameters that can completely
achieve sterilization: 1 g/min injection rate, 60 min injection time and
4 g/min injection rate, and 15 min injection time. Under these two con-
ditions, a 60 min treatment can achieve complete sterilization.
70 + + − − − + − − − − + −

Note: The letter represented the position of the stainless steel slides (Figure 6). ‘−’means
no spores growth; ‘+’ means the spores growth.
3.3. Disinfection effect of VHP on the PPRPH

Four PPRPHs were hung on the top of the fumigation chamber
(Figure 2b). When the fan power was set at 60%, the VHP concentration
at different position of the fumigation chamber was tested (Figure 5a).
The concentration trend at each position was relatively consistent
(Figure 5b–d). During the injection process, the VHP concentration
continued to increase, and the VHP concentration in the upper position
of the fumigation chamber was relatively low (Figure 5b). Then the
power of the fan (40%–70%)was changed and the concentration change
at the same position was tested. As shown in Figure 5e, the concentra-
tionmeasured at each power level was different, demonstrating the im-
pact of air flow on VHP concentration.

The relationship between the airflow rate anddisinfection efficiency
of VHP was investigated in the fumigation chamber. The disinfection
experiments were conducted when the efficiency of the fan power
changed from 40%–70%. The biological indicators were placed in the ap-
propriate positions (shown in Figure 6). In these experiments, only ‘e’
and ‘l’ location were selected to place the slides. When the air flow
supplied to the PPRPHs was relatively low (6.4–7.6 m3/h) (Figure 4a),
most of the spores both inside and outside of the PPRPHs are not
deactivated (Table 3). When the air flow supplied to the PPRPHs was
relatively high (11.8–14.5 m3/h), the spores outside of the PPRPHs
were deactivated, but spores inside the PPRPHs grew after cultiva-
tion for 48 h. Complete disinfection was obtained with the fan power
at 60% and the air flow of 10.5–12.3m3/h. During the disinfection pro-
cess, the humidity of the fumigation chamber went up to 90% in
10 min independent of the efficiency of the fan power.

Multiple replications of the experiments using 60% fan power
consistently disinfected the PPRPHs. The biological indicators were
placed all the positions indicated in Figure 6. The spores both inside
and outside the four PPRPHs did not grow even after cultivation for
72 h (Figure 7). The results indicated that the protective equipment
fumigation sterilization cabinet can achieve the sterilization of the
PPRPHs.
Figure 6. Location of stainless steel slides. Note: (a) Picture of the inside of thedisinfection hood;
3.4. Performance test of PPRPH before and after disinfection

It is critical that PPRPH are completely functional after every dis-
infection. When the PPRPH was sterilized for 10 times, the protective
performance and physical properties of the material were tested.
There was no significant difference in the protective performance of
the PPRPHs disinfected according to the Table 4, and the physical struc-
ture and performance of the disinfected PPRPHs also met the require-
ments of GB 24539-2009 (Table 5). These data indicated that the VHP
can achieve complete disinfection of the PPRPHs without affecting
their protective performance and physical properties.
4. Discussion

The use of novel ‘no-touch’ automated room disinfection (NTD)
systems provides an alternative approach, which removes or reduces
reliance on the operator [17]. Automated systems have been adopted
widely in many areas such as healthcare, biosafety laboratory, drug
product manufacturing, food processing and so on [18–20].The ideal
fumigant should leave no residues or should be capable of rapid removal
to safe levels following fumigation [21]. A. J. Beswick, et al. have summa-
rized the existing gas disinfection methods in their paper, which
includes formaldehyde vaporization, hydrogen peroxide-based fumiga-
tion, chlorine dioxide and ozone [22]. Formaldehyde is a toxic chemical
and has been classified as a Group 1 human carcinogen. For this reason,
a choice of alternative, effective fumigation technologies is desirable.
However, none of the fumigants existing are harmless, and all have
workplace exposure limits [22]. VHP can decompose into water and
oxygen automatically, making it easier to handle after disinfection.
Thus VHP was selected to decontaminate the protective equipment in
this study.
(b) Location of slides inside thehood; (c) Location of slides inside the fumigation chamber.



Figure 7. The disinfection results when the fan powerwas 60%. Note: (a), (b), (c) represented the experiment repeated for three times; I: ‘e’–‘i’ in Figure 6c; II: ‘j’–‘n’ in Figure 6c; III: ‘a’–‘b’
in the PPRPHs; IV: Positive control; V: Negative control.
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4.1. Factors of influencing disinfection

A hydrogen peroxide-based fumigation sterilization cabinet was
developed for protective equipment disinfection. This cabinet provides hy-
drogenperoxide injection, vaporization, evendistribution, andeffective re-
moval. The functional modules were integrated in the lower part of the
hydrogen peroxide-based fumigation sterilization cabinet. The VHP trans-
port pipes were connected to the VHP generator with the
fumigation chamber. Protective equipment can be placed in the fumiga-
tion chamber (Figure 1). B. Unger-Bimczok, et al. found that the hydrogen
peroxide concentrationwas an important factor in the inactivation efficacy
[23], whichwas also verified in this study. The results indicate that the dis-
infection efficacy of VHP is directly related to the consumptionof hydrogen
peroxide solution (Tables 1&2). VHP canbe automatically degraded to the
H2O and O2 after relative short time of injection. An effective disinfection
timewas 60min, with an initial 15min injection, followed by a 45min in-
cubation, during which VHP degradation is occurring.

The concentration of VHP was tested at different positions of the
fumigation chamber by a hydrogen peroxide concentration sensor.
According to the result seen in Figures 4a and 5e, the air flow changed
when the fan power altered. The change of the air flow directly affected
the concentration of VHP. The concentration of VHP is the direct factor
of influencing the disinfection effect. Thus the air flow and fan power
used in the cabinet is of critical importance. Although the distributed
ventilation technology was adopted in the development of fumigation
cabinet, the concentration of VHP in each position is not uniform,
which may be related to the placement of four PPRPHs leading to
the creation of four small cavities. Future studies should focus on the
influence of airflow patterns on the concentration of VHP in such a
nested structure to make the concentration of VHP more uniform.
Table 5
Physical performance of PPRPH before and after disinfection.

Test items Test location Before disinfectio

Breaking strength Back cover seam 461.15 ± 102.77
Hood top seam 249.50 ± 12.76
Seam at the hood window 601.00 ± 18.97
Joint of hood fabric and shawl joint 245.75 ± 74.10
Hood fabric and exhaust valve seam Intact
Hood collar and intake valve seam Intact

Puncture resistance Hood window 79.50 ± 21.92

Note: The top four lines of the table were the average of four test samples, and the last three w

Table 4
Protective performance of PPRPH before and after disinfection.

No. Air supply (min/L) Noise (dB(A)) Static pressure (Pa)

1 160.37 ± 0.54 64.70 ± 0.50 56.00 ± 2.55
2 159.00 ± 1.25 64.20 ± 0.62 56.30 ± 1.74

Note: 1 represented before disinfection; 2 represented after 10 rounds disinfections.
There are other factors, for example the humidity, which can in-
fluence the disinfection efficiency of VHP. B. Unger-Bimczok, et al. re-
ported that higher humidity was found to promote the microbial
inactivation rate [23]. The humidity of the fumigation chamber was
quite high (N90%) after disinfection for 10min which was consistent
with the literature reports.

4.2. Disinfection influence on the performance of hoods

Respiratory protective equipment is widely used to protect wearers
against hazardous aerosols [24]. It is a physical barrier for respiratory
protection of human being. Reuse of respiratory protective equipment
after decontamination is an important area for research.

In this paper, VHP was used to decontaminate the PPRPH. The main
material of the hood is TPU, after 10 rounds of disinfection, the physical
properties of the TPU material had not changed. The protective perfor-
mance test results of PPRPH after 10 rounds disinfection remain
unchanged, demonstrating that the PPRPH can be reused normally
after disinfection.

5. Conclusions

Today the outbreak of severe infectious diseases is a global
problem. It is of critical importance to find disinfection methods
and disinfection equipment that can be used to avoid cross-
contamination and disease transmission when high-grade personal
protective equipment is reused. This paper provides a decontami-
nation method which can achieve the complete sterilization of pro-
tective equipment, while retaining that equipment's functionality.
The protective equipment fumigation sterilization cabinet describe
herein can meet the requirements for handling high-grade per-
sonal protective equipment, and thus has important economic
and social significance.
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