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Abstract

Medical personal protective equipment (PPE) made from nonwoven thermoplastic fibers has been intensively used, result-
ing in a large amount of biohazardous waste. Sterilization is indispensable before recycling medical waste. The aim of this
work is to evaluate the effects of the decontamination treatments and help properly recycle the PPE materials. The study
investigated the effects of three disinfection treatments (NaClO, H,0,, and autoclave) on chemical composition, molecular
weight, thermal properties, crystallinity, crystallization kinetics, and mechanical tension of three types of PPE (Gown #1,
Gown #2, and Wrap) made of isotactic polypropylene fibers. The chemical compositions of the materials were not evidently
affected by any of the treatments. However, the M, of the polymers decreased about 2—7% after the treatments, although the
changes were not statistically significant. The treatments barely affected the melting and crystallization temperatures and
the maximum force at break, but they tended to elevate the thermal degradation temperatures. Although the treatments did
not notably influence the crystallinities, crystallization rates and crystal growths were altered based on the Avrami model
regression. Since the detected changes would not significantly affect polymer processing, the treated materials were suit-
able for recycling. Meanwhile, evident differences in the three types of raw materials were recorded. Their initial properties
fluctuated notably, and they often behaved differently during the treatments, which could affect recycling operation. Recy-
clers should test and sort the raw materials to assure product quality. The results in this study provide fundamental data for
recycling medical PPE to reduce its environmental footprint.
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Introduction

Single-use personal protective equipment (PPE), such as
gowns, wraps, face shields, gloves, masks, shoe coverings,
head coverings, etc., has been widely applied for hygiene
protection and safety for doctors, nurses, and patients
because of their cost-effectiveness, lightweight and good
protection [1]. Nonwoven thermoplastic fibers, of which
polypropylene (PP) and polyethylene terephthalate (PET)
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comprise the majority, are popular materials to manufacture
various types of PPE. They are broadly used to make gowns,
wraps and face masks. The PPE are made of two- or three-
layered laminates that are thermally bonded, which provide
efficient protection from human fluids, pathogenic microor-
ganisms, airborne microparticles, chemical spills, etc. [2].
The extensive use of disposable PPE generates a large
amount of waste. The associated environmental influence
has attracted more and more attention in recent years. A
public health emergence, such as the COVID-19 pandemic,
could further worsen the situation and dramatically increase
the medical waste all over the world due to the significantly
elevated consumption of PPE. It was estimated that the
COVID-19 pandemic would result in six times more PPE
waste than normal, which is an enormous amount of mate-
rials that will mainly either go into landfills or be inciner-
ated [3, 4]. Both of the disposal methods are harmful to the
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environment and an opportunity to recycle and repurpose
the materials is lost [5, 6].

PPE recycling is a meaningful way to deal with its rapid
growth. Due to the contamination of infectious and patho-
logical microorganisms, used PPE is considered as a bio-
hazard and needs to be sterilized before disposal or recycle
by EPA regulation. There are several sterilization methods
available, including incineration, autoclaving, chemical
treatments, UV treatment, plasma disinfection, and micro-
wave treatment [7]. Incineration is the process of destroying
waste by burning it at elevated temperatures in furnaces. It is
a common PPE disposal method, which greatly reduces the
waste amount. However, it completely destroys the materials
and has disadvantages such as high cost, smoke generation,
and pollution risks. In particular, incineration of medical
PPE waste produces more furans and dioxins than municipal
waste [7]. Autoclave sterilizes PPE by using steam, heat,
and pressure during a specific time frame, which is usually
at 121 °C for about 15 to 35 min depending on the size of
the load and the contents [8]. Chemical treatments often
employ highly reactive reagents, including hydrogen per-
oxide or sodium hypochlorite. Solid PPE wastes need to be
shredded before chemical treatments for adequate disinfec-
tion, and unexpected chemical reactions might occur when
pharmaceuticals present [7]. UV irradiation is a newly stud-
ied method to decontaminate PPE for repeated use [9], but
the poor penetration ability of UV lights raises a concern
of achieving full decontamination, especially for solid PPE
[10, 11]. Microwaves can achieve full sterilization in just a
couple of minutes, but the PPE must be properly shredded
and moisture-corrected before the treatment [12].

Among the available decontamination techniques, auto-
clave and chemical treatments are more convenient and
robust to achieve complete sterilization for recycling. How-
ever, autoclave involves high temperature and pressure and
thus may degrade the PPE polymer materials. Grinshpun
et al. had evaluated common PPE masks with respect to the
changes in their performance and integrity resulting from
autoclave sterilization [8]. The results showed that the ini-
tial collection efficiency and the filter breathability of masks
might be compromised by autoclave and physical damages
were also observed. Active reagents used in chemical treat-
ments could also degrade the polymers, affect the chemi-
cal structures of the PPE materials, and react with additives
in the polymers [13, 14]. Thus, there is a pressing need to
evaluate the PPE materials after the disinfection treatments
to understand their changes for proper recycling.

In the present study, an attempt had been made to char-
acterize the effects of sterilization treatments on medical
PPE materials. Since gown has a big size and is the second
most commonly used PPE item [15], and wrap has a large
size, they account for a large portion of the PPE waste in
healthcare setting and would be most economically feasible
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to recycle. Therefore, two types of gowns and one type of
wrap made of nonwoven PP fibers were investigated in this
work. Chemical compositions, molecular weights, thermal
properties, crystallization kinetics, and mechanical tensions
of the three types of PPE materials were monitored before
and after autoclave, as well as NaCIO and H,0O, treatments.
The results provide fundamental information of PPE materi-
als subject to disinfection treatments and will benefit recy-
cling and repurposing single-use medical PPE waste.

Materials and methods
Materials

Three types of PPE (Gown #1, Gown #2, and Wrap) were
provided by the University of Alabama at Birmingham Hos-
pital. Non-biohazardous disposed PPE was used to mimic
actual PPE wastes. They were the same PPE the hospital
used except for not being exposed to any biohazards in
medical operations. The Gown #1 and Wrap were made in
Myanmar and distributed in the US by Medline Industries,
Inc. (Northfield, IL, USA). The Gown #2 was manufactured
in China. The thicknesses of Gown #1, Gown #2, and Wrap
were 0.20+0.01 mm, 0.10+0.01 mm and 0.26 +0.02 mm,
respectively. They are all made of nonwoven PP fibers. All
chemicals used in this study were analytical grade and sup-
plied by Fisher Scientific (Waltham, MA, USA).

Sterilization of PPE

The PPE materials were cut into about 2 cm X4 cm pieces
before treatments. The autoclave treatment was carried out
with a “waste” program of a steam sterilization autoclave
(Steris AMSCO LS250) [16]. The samples were sterilized
at 121 °C for 35 min under a pressure of 0.1 MPa (15 psi).
Chemical treatments were performed in either 0.6% NaClO
or 8% H,0, solution following the CDC guidelines [17].
Briefly, 0.30 g of the PPE sample was added to 100 mL
NaClO or H,0, solution in a 250 mL Erlenmeyer flask.
The mixture was shaken on a multi-platform mixer (Model:
1387700, Fisher Scientific, Waltham, MA, USA) at 250 rpm
under room temperatures for 60 min to allow the PPE to
sufficiently interact with the sterilization solution. After the
treatments, the PPE sample was separated from the solution
by filtration with Buchner funnel and washed with deion-
ized water five times. Finally, the PPE was air-dried in a
fume hood overnight before tests. Since the main goal of
this work is to investigate the effects on the materials, not the
decontamination efficiency, only well-established steriliza-
tion methods were selected, and complete decontamination
was expected after the treatments.
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PPE material characterization

Chemical compositions of the PPE before and after the
treatments were analyzed with IR spectrometry. An FT-IR
spectrophotometer with ATR sampling accessory (Spectrum
Two, Perkin-Elmer, Waltham, MA, USA) was employed to
record the spectrum in the wavenumber range of 450 to
4000 cm™! with a resolution of 4 cm™!. An average of 32
scans was recorded to reduce the noise. Spectrum v10.5.3
(Perkin-Elmer, Waltham, MA) was used to analyze the data.

A Raman spectrometer equipped with a 785-nm laser
(MacroRAM, Horiba Scientific, Piscataway, NJ, USA) was
employed to collect the spectrum in a Raman shift range
of 100-3400 cm™!. The average of 5 measurements was
recorded to reduce noise. LabSpec 6 (Horiba Scientific,
Piscataway, NJ, USA) was used to acquire and process the
data. The spectra were smoothed by the DeNoise function,
the baselines were corrected by polynomial curve fitting, and
the peaks were normalized based on the maximum peak in
the displayed range. The identification was carried out with
KnowItAll Raman spectral library (Horiba Edition, Wiley
Science Solutions).

Molecular weights and distributions of the PPE mate-
rials were analyzed with a gel permeation chromatograph
with an infrared detector (GPC-IR, Polymer Char, Valencia,
Spain). The GPC separation was carried out by three PLgel
Olexis 300 mm X 7.5 mm columns (Agilent, CA, USA). The
operation temperature was 160 °C, the mobile phase was
1,2,4-trichlorobenzene (TCB), the flow rate was 1 mL/min,
and the injection volume was 200 pL. The samples were dis-
solved in TCB at 160 °C. The sample concentrations were
about 1 mg/mL [18]. The GPC tests were carried out in
triplicates.

Thermogravimetric analyses (TGA) were performed using
a TGA-550 (TA Instruments, DE, USA) with platinum-HT
sample pans. About 10 to 15 mg of PPE samples were used in
each run. The measurements were carried out under a nitro-
gen environment with gas flows of 60 mL/min for sample
purge and 40 mL/min for balance purge. The temperature
raised from room temperature to 600 °C at a heating rate
of 20 °C/min. Each PPE sample was measured three times
[19]. For evaluation, TGA curves were normalized based on
starting weight. Data analysis was achieved by using TRIOS
Software (TA Instruments, DE, USA). DTG curves (the first
derivation of thermal gravimetry) were used to determine the
mass loss percentage (%/°C).

Differential scanning calorimetry (DSC) measurements
were carried out with a DSC-250 using Tzero Pans (TA
Instruments, DE, USA). About 10 to 15 mg of PPE samples
were used in each run. The PPE samples were first heated
from 40 °C to 200 °C at a rate of 20 °C/min to remove their
thermal history. Then, the samples were cooled to 40 °C
at a rate of 10 °C/min to trace the crystallization process.

They were again heated to 200 °C at the rate of 20 °C/min
to record their melting behaviors. For determining crystal-
lization activation energy, the cooling rates of 5, 10 and
15 °C/min were employed. Each sample was measured in
triplicates. The data analysis was performed with TRIOS
software (TA Instruments, DE, USA). The crystallinity was
calculated based on the heat of fusion of 100% crystalline
polymer (207 J/g for polypropylene) [20, 21]. Since some
samples had high ash contents and the ash was not a part of
the polymer, the crystallinity was corrected by the follow-
ing equation:

. Melting enthalpy
Crystall %) =
rystallinity(%) 207 X (1 — ash content(%))

For mechanical property analysis, the PPE specimens of
1.0 cm wide were tested in tension mode with a univer-
sal mechanical test system (INSTRON 5966, Instron, MA,
USA). The testing speed was 10 mm/min, and each PPE
sample was measured five times.

Statistical analysis

All statistical analyses were carried out with Tukey’s HSD
test and conducted using SAS software (SAS Institute Inc,
Cary, NC). Results with p-values below the conventional 5%
threshold were regarded as significant.

Results and discussion

Chemical composition of the PPE materials
and changes after the sterilization treatments

Single-use gowns and wraps are typically constructed of
nonwoven materials alone or in combination with materials
that offer increased protection from liquid penetration. The
basic raw materials commonly used are various forms of
synthetic fibers, such as PP, PET, polyester, polyethylene,
etc. These fibers can be produced using a variety of non-
woven fiber-bonding technologies (thermal, chemical, or
mechanical) to provide integrity and strength [22].

Each of the three types of PPE studied in this work was
made of only one type of nonwoven PP fibers, one of the
most common materials for the purpose. The chemical
nature was confirmed with IR analysis. As shown in Fig. 1,
the same dominant IR absorption peaks were observed
for all three types of materials before the treatments. The
absorption bands in 2850-2960 cm™' are corresponding
to the symmetric and asymmetric stretching of CH; and
CH, groups, while the symmetric and asymmetric bending
absorptions of CH; group are observed at around 1390 and
1470 cm™!, respectively [23]. The characteristic bands are
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Fig.1 FT-IR spectra of the three types of PPE materials with or without treatments

identical to those of isotactic polypropylene [24, 25], which
confirmed that all three types of PPE were made of isotactic
polypropylene fibers.

Since strong disinfection treatments were employed to
ensure complete sterilization of the medical PPE, there
was a concern if the treatments would notably change the
chemical composition of the materials. The IR spectra
of the treated PPE are also illustrated in Fig. 1 to evalu-
ate the effects of the treatments. No evident change was
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observed on all the dominant bands, suggesting that the
treatments did not significantly change the major com-
position of the materials. However, some minor differ-
ences in the IR spectra were found after some treatments.
For example, small peaks at around 1650, 1750, and
3350 cm™' appeared after the H,0, and autoclave treat-
ments of Gown #2 and the H,O, treatment of the Wrap.
The bands at around 1650 and 1750 cm™~! are correspond-
ing to the C=C and C =0 stretching, respectively, while
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the absorptions at around 3350 cm™! could be assigned to
stretching of OH groups. Minor peaks at around 1650 and
1750 cm™! were also found after the autoclave and NaCIO
treatments of the Wrap. In addition, subtle peaks at around
1650 cm™! slightly strengthened after the H,0,, NaClO,
and autoclave treatments of Gown #1. These changes sug-
gested that some treatments might slightly oxidize the
polymer and introduced a small number of double bonds
to the polymers. However, given the low absorptions of
the peaks and high molar absorptivities of the correspond-
ing chemical bonds, the changes in chemical composition
caused by the treatments were essentially negligible, and
the treated PPE materials were still dominantly composed
of PP.

Figure 2 illustrates the Raman spectra of the untreated
and treated samples for all three types of materials. No evi-
dent change was observed when comparing the untreated
and treated samples of the same type of material. The results
confirmed that the disinfection treatments did not notably
alter the chemical compositions of the materials. Moreover,
when comparing the spectra to that of pure PP, insights into
the additives in the three types of materials were obtained.
For example, the Raman spectra of Gown #2 samples
showed three additional peaks at 285, 715, and 1084 cm™!,
respectively (Fig. 2, middle). After searching the Raman
spectra of common additives in the KnowItAll Raman spec-
tral library, the three peaks matched the spectrum of CaCO;.
So, Gown #2 material probably contained calcium carbon-
ate. Gown #1 had a dark blue color, and Wrap had a light
blue color. The Raman spectra of both materials had three
prominent peaks at 688, 755, and 1530 cm™!, which could
not be assigned to polypropylene. Spectral library search
with KnowlItAll found a blue pigment, cobalt phthalocya-
nine, with characteristic peaks at 678, 744, and 1529 cm™ L.
In addition, some other blue pigments, e.g., irgazin blue and
direct blue 86, also have a prominent Raman peak around
1530 cm™!. Although the identification was preliminary, the
results might indicate that the extra peaks, especially the one
at 1530 cm™!, could come from the pigment in the materials.
The same dye was probably used in both Gown #1 and Wrap.
Gown #1 had a much darker color than Wrap, indicating
more pigment was used in Gown #1. The Raman signals of
PP from Gown #1 samples were weaker than the other two
materials. The presence of a large amount of pigment might
affect the Raman analysis. Raman spectrometry might be
a suitable tool to detect inorganic additives and pigments,
which only had weak IR activities.

Although different PPE materials may have different
chemical compositions and additives, only limited types of
PPE are used in a hospital or clinic during a specific period.
The collected PPE waste would have much simpler and more
stable chemical compositions than recycled plastics from
municipal recycling programs. The PPE waste would be easy

to sort and allow recyclers to produce high-quality products
with more controllable and uniform properties, which could
improve the economic feasibility of PPE recycling.

Effects of the treatments on polymer molecular
weight

Molecular weight is a critical parameter for polymers, which
substantially influences the thermal and mechanical proper-
ties of the materials. Therefore, the changes in molecular
weight and its distribution need to be closely monitored.
The average molecular weights (M,,), polydispersities (PD)
and bulk CH;/1000TC of the three types of PPE materials
before and after the treatments were investigated in this work
(Table 1).

Among the three types of original materials, Wrap had a
slightly higher M,,, while the other two gown materials had
similar ones. The disinfection treatments did cause some-
what polymer degradation as suspected. The M,, of the
materials decreased about 2—7% after the treatments, but no
statistically significant changes were observed. For the two
gown samples, the autoclave reduced the M,, more, while
the two chemical treatments degraded the wrap sample more
severely. The PDs tended to decrease after the treatments,
but slightly higher PDs were found on the autoclave treated
gown samples. Again, no statistically significant differences
in PD were observed. The bulk CH5/1000TC value indicates
how many CH; groups per 1000 total carbon atoms in poly-
mer. Theoretically, it is 333 for polypropylene. The values
were close to 333 before and after the treatments for all the
samples, confirming that the materials were polypropylene,
and the treatments did not notably change their chemical
compositions as demonstrated by the IR analysis. In sum-
mary, the treatments could somewhat lower the M, and
tend to reduce the PD of the materials. Different treatments
had different effects on the three types of materials, but no
statistically significant changes were observed. The treated
materials were suitable for recycling. However, since the
treatments might slightly degrade the polymers, quicker per-
formance loss of the recycled materials might be observed
if the materials were repeatedly used to make medical PPE
and recycle.

TGA analysis

Thermogravimetric analysis (TGA) is an important tool to
evaluate thermal stability of polymers, which could affect
the processing conditions of recycled PPE materials and the
performance of resulted products. The TGA results of the
PPE before and after the treatments are presented in Fig. 3
and Table 2.

Among the three types of original materials, the thermal
stability slightly increased in the order of Gown #2, Wrap,
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Fig.2 Raman spectra of the three types of PPE materials with or without treatments

and Gown #1. The treatments affected the three types of
materials differently. For Gown #2 and Wrap, thermal deg-
radations of the treated samples took place at significantly
higher temperatures with significantly greater maximum

@ Springer

rates. The treated samples had better and more uniform ther-
mal stabilities. The disinfection treatments decreased the M,
but increased the thermal stabilities of the two types of mate-
rials. It might be because that the treatments removed some
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Table 1 Effects of different
treatments on average molecular
weights (M,,), polydispersities
(PD) and bulk CH,/1000TC

Type Treatment M,, (10° g/mol) M,, Change PD (M;/M,, Bulk CH4/1000TC
Gown #1 N/A 123 +1° - 4.5+0.1* 332+1°%
NaClO 118+7° -4.1% 4.0+0.3* 322+4%
H,0, 120 +4° -2.4% 4.1+0.1* 331+3%
Autoclave 114 +£7° -1.3% 4.8+1.0* 329+2°
Gown #2 N/A 128 +8° - 6.2+1.2° 327+1°
NaClO 126 +10? -1.6% 4.8+1.0° 330+6°
H,0, 126 +9? -1.6% 5.3+0.4% 327 +4°
Autoclave 122 £37 -4.7% 6.9+1.0° 335+9°
Wrap N/A 136+5? - 53+1.1° 332+4°
NaClO 130+3? -4.4% 4.8+1.0* 326+3%
H,0, 129 +4° -5.1% 4.5+0.6* 331+5°
Autoclave 132+1° -2.9% 4.1+0.1* 326+2%

The data presented are the average of the results from three independent experiments, and the errors repre-
sent standard deviations. The values indicated with the same superscript letter within the same PPE materi-
als are not significantly different at the 0.05 level based on Tukey’s HSD test

weak parts of the materials, which were easy to degrade.
Polymers with lower M,, often have lower thermal degrada-
tion temperatures, but it has also been reported that some
polymers could have an elevated degradation temperature
with lower M, in some cases [26]. For Gown #1, the results
were mixed. The autoclave also significantly increased the
degradation temperature and maximum rate. But the NaClO
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and H,O, treatments did not significantly affect the decom-
position temperatures and maximum rates.

The residues of Gown #1 and Wrap samples were low.
But all Gown #2 samples had about 18% residues, which
were substantially higher than pure polypropylene should
have. Raman analysis had suggested that Gown #2 material
might contain CaCO;. Twenty grams of Gown #2 sample
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Fig.3 TGA curves of PPE materials with different treatments: a Gown #1, b Gown #2, and ¢ Wrap
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Table 2 Effects of different

. Type Treatment Onset Temperature (°C) DTG maximum rate Mass residue (%)
treatments on thermal stability (%/°C)
Gown #1 N/A 422.8+0.6" 2.3+0.1* 1.1+£0.2%
NaClO 421.6+3.9° 2.4+0.2° 0.7+0.7
H,0, 417.7+2.0° 2.4+0.2? 1.1+0.3
Autoclave 436.4+0.6" 3.2+0.1° 1.2+0.6*
Gown #2 N/A 392.7+2.0° 1.5+0.1* 17.5+0.1°
NaClO 428.5+0.6° 23+0.1° 17.8+0.3
H,0, 431.2+0.6° 24+0.1° 18.24+0.5%
Autoclave 432.0+0.8" 24+0.1° 18.1+0.5°
Wrap N/A 403.3+1.3 1.7+0.1 24+2.6
NaClO 432.6+1.7° 3.0+0.1° 24+2.6
H,0, 434.2+0.3° 32+0.1° 0.3+0.1°
Autoclave 428.6+2.1° 3.1+02° 0.7+0.3

The data presented are the average of the results from three independent experiments, and the errors repre-
sent standard deviations. The values indicated with the same superscript letter within the same PPE materi-
als are not significantly different at the 0.05 level based on Tukey’s HSD test

were heated at 600 °C in a Muffle furnace for 30 min, and
a white powder residue was obtained for identification. The
Raman spectrum of the residue was acquired, which showed
three peaks at 284, 713, and 1088 cm™!. The residue was
confirmed to be CaCO; based on KnowItAll spectral library
search.

In summary, the disinfection treatments tended to improve
the thermal stabilities of the PPE materials. The treatments
evidently increased the decomposition temperatures and
maximum rates of all the materials except for Gown #1 after
the NaClO and H,O, treatments. Gown #2 had significantly
higher residue levels than the other two materials, which was
related to its inorganic additive, CaCOj.

DSC analysis

Changes in thermal properties could affect the processing
parameters of recycled PPE materials. The thermal behav-
iors, including crystallization peak temperature, crystalliza-
tion enthalpy, melting peak temperature, melting enthalpy,
and crystallinity, of the PPE before and after the treatments
were presented in Figs. 4 & 5 and Table 3.

Comparing the three types of original materials, Gown
#2 had notably lower crystallization temperature and slightly
lower melting temperature. The lower crystallization temper-
ature suggested that the additive in Gown #2 might inhibit
the starting of crystallization of the material. Since the
CaCO; in Gown #2 did not absorb or release heat, Gown #2
showed less enthalpy changes during the melting and crys-
tallization processes. When excluding the mass of CaCOj;,
the enthalpy change of Gown #2 was comparable to Gown
#1 and Wrap, and the crystallinities of the three types of
materials were similar.

@ Springer

The melting and crystallization temperatures of all the
materials only slightly varied (about 1-2 °C) after all the
treatments, suggesting the treatments would not significantly
affect the thermal behaviors of the materials. Therefore, the
treated materials could be processed under common PP pro-
cessing conditions. The crystallinities were around 50% for
all the samples before and after the treatments.

All the untreated and treated samples had melting tem-
peratures of about 165 °C, which is the typical melting tem-
perature of isotactic polypropylene. The results confirmed
again that the PPE were made of PP fibers and the treatments
didn’t notably change the chemical composition.

Crystallization kinetics

As an important kinetic parameter in non-isothermal crystal-
lization process, the relative degree of crystallinity (X,) has
been defined as the ratio of the crystallinity at given time
to that at infinite time, which can be described with the fol-
lowing equation:

T (dH,

_ / To( dT )dT
T T (dH.

/ Ty ( dr )dT
where T, and T, are the initial and final temperatures of
crystallization, respectively. dH, is the enthalpy of crystalli-
zation released during an infinitesimal temperature interval.
T represents the temperature at the crystallization time t.

The evolutions of X, of the three types of materials before
and after the treatments are presented in Fig. 6. All curves were
sigma-shaped, indicating that the crystallization accelerated

when nuclei gradually formed at the beginning of the process
and slowed down when the process was close to the finish.

t
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Table 3 Effect of different treatments on thermal behaviors

Type Treatment  Crystallization

Peak Temperature (°C)  Enthalpy (J/g)

Melting Crystallinity (%)

Peak Temperature (°C)  Enthalpy (J/g)

Gown#1  N/A 130.1£0.2* 102.6 £0.7*
NaClO 128.5+0.1° 112.6+7.5°
H,0, 130.6 + 1.0° 101.1£0.7*
Autoclave  130.9+0.1° 101.8 £0.4*

Gown#2  N/A 123.6+1.8* 88.2+1.9°
NaClO 1224+ 1.4 82.1£2.4°
H,0, 1253+ 1.4 82.9+2.4%
Autoclave  124.0+0.3 81.5+0.1%

Wrap N/A 130.0+£0.7* 111.2£0.4*
NaClO 130.0+0.5° 107.2£2.6*
H,0, 130.6+0.1° 105.2+£0.1*
Autoclave  130.4+0.3 106.5 +0.6*

165.1+0.2* 102.4+0.6 50.1+0.3*
164.9+1.0* 102.3+1.8* 49.8+0.9*
165.1+0.3* 100.3+0.9* 48.9+0.4*
164.5+0.1* 103.5+0.3* 50.6+0.1*
163.2+0.5* 89.4+2.3* 524+1.1%
163.7+0.8* 81.2+2.3" 477+ 1.1*
163.8+0.8* 85.3+2.3" 50.3+1.1*
163.7+0.1* 83.9+1.3" 49.1+0.8*
165.3+0.2* 108.9+2.9* 53.9+14%
165.3+1.4% 110.6+2.1* 54.8+1.0*
164.7+0.1* 103.9+1.2% 50.5+0.6*
165.2+0.1* 107.4+1.5% 52.2+0.7*

The data presented are the average of the results from three independent experiments, and the errors represent standard deviations. The values
indicated with the same superscript letter within the same PPE materials are not significantly different at the 0.05 level based on Tukey’s HSD

test

All curves ended up with a plateau close to 100%. Although
the crystallinities of the samples were not significantly modi-
fied, notable effects of the disinfection treatments on the

&

Relative crystallinity (%)

0 0.5 1 1.5 2 2.5
Time (min)
—— Untreated - - NaClO treated - H202 treated — — Autoclave treated

(o]

100

Relative crystallinity (%)

Wrap

crystallization processes were observed. In general, a shift of the
curve to the left on the time axis suggests a quicker start of the
crystallization, while a steeper curve indicates a faster process.

b Gown #2

100

/—— ——————

Relative crystallinity (%)

1S 2 2.5
Time (min)

—— Untreated «------- NaClO treated H202 treated — — Autoclave treated

i

N
o
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Time (min)
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Fig.6 The relationships of relative crystallinity and crystallization time before and after the treatments
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Crystallization kinetic analysis was carried out with the
widely used Avrami equation shown below to obtain more
insights of the crystallization processes of the samples [27]:

1 -X, =exp (-Z1"

With the assumption of constant crystallization tempera-
ture, the function could be converted to the double-natural
logarithmic form:

In[-In(1-X,)] =In Z, +n Int

where Z, is the crystallization rate constant and n is the
Avrami exponent which depends on the nucleation mech-
anism and crystal growth dimension. By plotting In [-In
(1-Xp] versus In 7, the data can be fitted with a straight line,
from which Z, and n can be obtained from the y-intercept
and slope, respectively. Considering the effect of cooling
rate, Jeziorny defined a new crystallization parameter Z_ to
describe practical non-isothermal crystallization at different
cooling rates (@) as shown below:

InZ,
InZ, = —

(O}

As shown in Fig. 7, the crystallization process exhib-
ited two stages for all the samples. The second stage had

a Gown #1

4

In(-In(1-Xt))

-8

-12

-4 -3 -2 -1 0 1 2
Int
@®Untreated = NaClO treated H,0, treated Autoclave treated
C
4
0
5 4
z
E
-8
-12
4 3 -2
®Untreated = NaClO treated

an evidently lower slope than the first stage. Therefore,
the curves were divided into two sections and fitted by the
Avrami equation separately. The regression results are listed
in Table 4. For all the samples, good linear relationships
(R?>0.97) were observed, suggesting the Avrami model
described the crystallization processes well. The Avrami
exponent, n, decreased significantly in the second stage for
all the samples, which agreed with the slope decrease in
the second stage. The n value depends on the crystalliza-
tion mechanisms and crystal growth dimension [28, 29]. For
values of 1 <n<2, the growth happens in one dimension
with fiber geometry; for 2 <n < 3, the growth occurs in two
dimensions with lamella geometry; for 3 <n <4, the growth
takes place in three dimensions with spherulites geometry;
for n>4, the growth takes place in three dimensions and
forms complex spherulite, sheaf-like, or other complicated
geometries [30, 31]. The n values ranged between 3.38 and
4.97 in the first stage, suggesting the nuclei had enough
space around them and grew in three dimensions, even form-
ing some complicated geometries. However, the n values
dropped below 3 and even below 2 for some samples in the
second stage. The results indicated that the spherulites might
impinge on one another, and there was not enough free space
around them. They had to grow in two or even one dimen-
sions. The treatments trended to reduce the n values in most

Gown #2

In(-In(1-X¢t))

-3 -2 -1 1 2
Int

®Untreated = NaClO treated H,0, treated Autoclave treated

Wrap

-1 1 2

Int
H,0, treated

Autoclave treated

Fig.7 Plots of Ln (-In (1-X,)) versus In t for PPE with different treatments: a Gown #1, b Gown #2, and ¢ Wrap
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Table 4 Effects of different
treatments on crystallization

Kinetic Parameters

The first stage

The second stage

Z. (min-n/K) Exponent n R?

Z. (min-n/K) Exponent n R?

kinetics Type Treatment
Gown #1 N/A 0.10
NaClO 0.09
H,0, 0.16
Autoclave 0.17
NaClO 0.19
H,0, 0.21
Autoclave 0.26
Wrap N/A 0.08
NaClO 0.11
H,0, 0.07
Autoclave 0.08

3.67 0.99 0.11 2.31 0.98
3.59 0.99 0.10 2.33 0.99
3.83 0.99 0.18 1.64 0.97
3.38 0.99 0.19 1.76 0.97
4.20 0.99 0.15 2.99 0.98
3.74 1.00 0.21 1.85 0.97
3.86 1.00 0.22 1.84 0.97
4.01 1.00 0.09 2.65 0.99
4.19 1.00 0.13 2.85 0.99
4.08 1.00 0.10 2.33 0.99
4.97 1.00 0.09 2.90 0.99

cases, but the NaClO and autoclave treatment increased the
n values for Wrap.

The Z, value indicates the crystallization rate [32, 33].
For all the samples, no essential change in Z_ between the
two stages was observed. The results implied that the crys-
tallization rate was less affected, although the crystal geom-
etry was changed in the second stage. Gown #2 samples had
evidently higher Z_ values than Gown #1 and Wrap, sug-
gesting higher crystallization rates. Interestingly, the large
amount of CaCOj; in Gown #2 seemed to inhibit the starting
of crystallization but accelerated the process once it started.
The CaCO; might act as a heterogeneous nucleating agent
and promote the nucleation rate during the crystallization
process. The H,0, and autoclave treatments accelerated the
crystallization of Gown #1, the autoclave treatment pro-
moted the process for Gown #2, and the NaClO treatment
increased the crystallization rate of Wrap.

Activation energy of crystallization

Since some treatments influenced the crystallization process,
the activation energy (AE) of crystallization, which is the
energy required for the phase transformation to happen, was
investigated to understand the process better. In this work,
the Kissinger model was employed to calculate the AE [34],
which was described as following:

) AE 1
d|In T_I% = —?d(Fp)
where R is the ideal gas constant and equals 8.314 J/kmol,
T, is the peak crystallization temperature (in K). By plotting
1n(<D/Tp2) versus 1/T,, the data can be fitted by a straight
line, from which AE can be calculated by multiplying the
slope by the negative value of R.

@ Springer

The regression results are presented in Table 5. All the
R? of the samples were greater than 0.98, demonstrating
that the Kissinger equation could accurately describe the
crystallization process. Negative activation energies were
obtained because the crystallization rate increases when the
temperature decreases [27, 31]. For the untreated samples,
Gown #2 had much lower activation energy than Gown #1
and Wrap, which was consistent with the higher crystalliza-
tion rate (larger Z,) of Gown #2. This phenomenon might
be caused by the CaCO; in Gown #2. Other researchers also
found that composites could have lower activation energy
and higher crystallization rate when additives were mixed
with pure polymers [33, 35]. The NaClO treatment notably
increased the activation energies for the Gown #1 and Warp
samples, but the corresponding Z_ values only decreased
slightly. The H,O, and autoclave treatments didn’t signifi-
cantly change the activation energy for Gown #1, but the
related samples showed elevated crystallization rates. The
effects of the treatments on the relationship between the
activation energy and crystallization rate were still unclear.

Mechanical tension analysis

Tension properties of the untreated and treated PPE are
listed in Table 6. The raw Gown #2 had evidently lower
maximum force at break than the other two raw materials.
The reason probably was that Gown #2 was much thinner
than the other two. The treatments tended to slightly increase
the maximum forces, especially for Gown #1. However, no
statistically significant differences were found after all the
treatments for all the materials, suggesting the treatments
didn’t essentially affect the tension of the materials. The
larger differences in tension came from the differences of
the raw materials.
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Table 5 Effect of different

o Type Treatment Activation Energy
treatments on activation energy
of crystallization AE (kJ/mol) R?
Gown 1# N/A -304 1.00
NaClO 213 0.99
H,0, -305 1.00
Autoclave -274 0.98
Gown 2# N/A -411 0.99
NaClO -270 0.98
H,0, -441 0.99
Autoclave -535 0.98
Wrap N/A -327 0.99
NaClO -317 1.00
H,0, -294 1.00
Autoclave -298 1.00

Page 130f 14 360

Table 6 Effect of different treatments on tension properties

Type Treatment Maximum Force at
Break (N)
Gown #1 N/A 6.3+0.7*
NaClO 7.6+0.8*
H,0, 7.0+0.5°
Autoclave 7.2+0.1°
NaClO 1.7+0.1°
H,0, 1.6+0.1°
Autoclave 1.6+0.3
Wrap N/A 5.3+0.7%
NaClO 5.4+0.6*
H,0, 52+04%
Autoclave 54+1.0*

The data presented are the average of the results from three independ-
ent experiments, and the errors represent standard deviations. Maxi-
mum Force (N) or Ultimate Elongation (%) values indicated with the
same superscript letter within the same PPE materials are not signifi-
cantly different at the 0.05 level based on Tukey’s HSD test

Conclusions

The effects of three sterilization treatments (NaClO, H,O,,
and autoclave) on three types of PPE (Gown #1, Gown #2,
and Wrap) were investigated to provide fundamental data
for recycling. All three types of PPE were made of isotac-
tic polypropylene fibers, and all the disinfection treatments
didn’t notably change the chemical composition of the mate-
rials. However, all the treatments slightly decreased the M,
and tended to reduce the PD of the polymers, although no
statistically significant changes were observed. The treat-
ments had little effect on the thermal properties, crystallini-
ties, and tension properties, while they tended to improve
the thermal stabilities and influence the crystallization pro-
cesses of the materials. Since no detected changes would

significantly affect polymer processing, the treated materials
were suitable feedstock for recycling. Meanwhile, evident
differences in the raw materials were observed. The three
types of PPE materials had notably different initial prop-
erties and often behaved differently during the treatments.
Gown #2 contained about 18% calcium carbonate, which
might result in a higher crystallization rate and a lower
crystallization activation energy. But lower crystallization
temperature was also observed for Gown #2. Recyclers may
need to carefully test the raw materials before processing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-022-03217-w.
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