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ARTICLE INFO ABSTRACT

Editor: Dr. C. Baiyang The appearance of the virus SARS-CoV-2 at the end of 2019 and its spreading all over the world has caused global

panic and increase of personal protection equipment usage to protect people against infection. Increased usage of

Keywords: disposable protective gloves, their discarding to random spots and getting to landfills may result in significant

P?llutlon environmental pollution. The knowledge concerning possible influence of gloves and potential of gloves debris

285??'1);6 gloves on the environment (water, soil, etc.), wildlife and humans is crucial to predict future consequences of disposable

Pan. den-lic gloves usage caused by the pandemic. This review focuses on the possibility of chemical release (heavy metals
. and organic pollutants) from gloves and gloves materials, their adsorptive properties in terms of contaminants

Plastics & p & & p prop

Risk accumulation and effects of gloves degradation under environmental conditions.

problem due to growth of wastes and environmental pollution (Soares
et al., 2021).
The appearance of COVID-19 pandemic has caused global panic

1. Introduction

The production of global plastics in 2018 almost reached 360 million

tons, while in Europe it was almost 62 million tons (Geyer et al., 2017;
Plastics Europe and EPRO, 2019). The growth of global and Europe
production of plastics from 1950 to 2018 presents in Fig. 1A. The most
commonly used polymers are polyethylene (PE), polyvinyl chloride
(PVCQ), polypropylene (PP) and polystyrene (PS), which are about 65.4%
of global plastic requirement (Fig. 1B) (Wilkes and Aristilde, 2017).
Plastics are used to produce everyday products (Fig. 1B). The increasing
production and consumption of plastic products became a major

because of the disease spreading rate and mortality. Fast spreading of
the virus required restrictions to reduce a number of infections. The
main restriction was isolation, the mass gathering prohibition, physical
distancing, strict travel control (cancellation of international flights,
limitation of movement between cities), closure of schools, businesses,
restaurants, shopping centers and other public places (Gostin and Wiley,
2020; Guan et al.,, 2020). The prevention strategies include recom-
mendations of frequent hand washing, avoiding the face touching, social
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distancing (about 2 m), and many more (Acter et al., 2020). The most
popular means of infection prevention are disposable protective gloves
(DPGs) and protective masks. People are ordered to use DPGs during
shopping, and to cover mouth and nose in public places. This fact caused
the necessity of buying, possessing and daily usage of gloves. Gradually
opening of public places has contributed to additional increase of the
gloves usage due to maintaining hygiene standards when performing
services in shopping centers, barbers, cosmetics, restaurants and offices.

Some of plastics (PE or PVC) are commonly applied for disposable
protective gloves (DPGs) production. Additionally, the production of
DPGs involves natural and synthetic rubbers, also made from polymers
(Aldiyarov et al., 2020). Because of the material, DPGs are categorized
into latex (natural rubber) , nitrile, foil, vinyl, neoprene and others. The
required use of DPGs during the pandemic caused their increased pro-
duction at the same time. Before the pandemic, production of disposable
gloves by Polish companies usually showed about 6% increase every
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year (from 5.8% to 6.3% in years 2014-2019). However, during the
pandemic period, the DPGs production only in March 2020 increased by
30% compared to the same time in 2019 (Ta polska spotka zarobita
krocie na pandemii wirusa. Sa najnowsze szacunki, 2020). The price of
the company stocks increased from $1.71 to $88.53 within a year (data
from 20th August 2019 and 20th August 2020, respectively) (Fraczyk,
2020). In the 2019, global DPGs market was valued at $7.6 billion and it
is predicted to reach $11.8 billion by 2025 (World Market Outlook for
the Disposable Gloves and Materials Markets, 2020-2025: The World
Health Organisation Estimates Manufacturing Should be Increased by
40% to Meet Demand, 2020). The Malaysian Rubber Glove Manufac-
turers Association estimated that global production of DPGs will reach
420 billion pieces in 2021, up from 380 billion in 2020 (Phoonphong-
phiphat, 2021). Another projections for 2021 indicate the growth of
demand for gloves at the level of 15-20% (Hutchinson and Bhatta-
charya, 2021).

A) 400 Fig. 1. (A) World and Europe production of
World plastics (Geyer et al., 2017); (B) Plastics de-
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The common use of DPGs by the entire community has caused
increased quantities of gloves in landfills and also their presence in
random spots such as parks, lawns, parking spaces and many others
(Fig. 2) (Ammendolia et al., 2021; Boyle, 2020; Nowakowski et al.,
2020). The customers of local shops, large supermarkets and shopping
centers, despite placing containers for collecting used gloves, very often
dispose of them randomly (Fig. 2). It generates a massive amount of used
gloves, which creates a serious problem for the environment. Especially,
the urban and suburban areas are significantly more polluted than
before the pandemic. The different kinds of DPGs may be observed
everywhere (Fig. 2).

Personal protective equipment (PPE) commonly used during the
pandemic became a new waste category (Nowakowski et al., 2020).
According to the Directive 2008/98/EC of European Union, this type of
debris are classified as mixed or medical, separated wastes (European
Commission, 2008). The appearance of SARS-CoV-2 virus caused
introduction of new handle of wastes rules both for healthy and infected
or sent to quarantine (Liang et al., 2021). It includes collecting of PPE in
separate bags and then thrown into mixed waste container, disinfection
of reusable containers and means of transport of waste, spraying the bag
with a viricidal preparation (concerns the waste of people in isolation)
and many others (Ministry of Climate and Environment, 2020). The
medical COVID-wastes are classified as a hazardous bio-medical wastes.
They must be separately stored, disinfected and properly transported
because the SARS CoV-2 virus can survive on materials even 9 days
(Nzediegwu and Chang, 2020). The hospital wastes can be neutralized in
various technologies such as pyrolysis vaporization incinerator, rotary
kiln incinerator, plasma incinerator, chemical disinfection or high
temperature steam disinfection (Ilyas et al., 2020; Wang et al., 2020d).
Unfortunately, beside the proper hospital wastes treatment, a lot of
citizens do not follow rules, which causes significant pollution, espe-
cially in urban areas not only in Poland but also over the World
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(Ammendolia et al., 2021; Ardusso et al., 2021; Boyle, 2020; Kalina and
Tilley, 2020). Besides benefits resulting from protection equipment use,
increased usage of plastics, from which gloves are made and their release
to water and soil can adversely affect the environment. In the long-term
it may pose a threat to living organisms including humans.

Plastic debris degraded under environmental conditions to micro-
particles can be ingested by marine organisms and get to the human food
chain (Mattsson et al., 2017). Due to the fact that various sub-
stances/components are added to polymeric materials during the
manufacturing process (Table 1), a possibility of release of these sub-
stances/components during contact with water and/or soil may appear
(Meng et al., 2020; Thompson et al., 2009). There is not covalent
bonding between additives and polymers and their leaching is possible
and easy (Bagel-Boithias et al., 2005; Gewert et al., 2015). These
leachable substances may get to the water and soil, circulate in the
environment and in consequence contaminate drinking water and
human food chain (Bank et al., 2020; Waring et al., 2018). Data
collected in Table 1 shows that commonly used plastic additives may
variously affect living organisms health and contribute to the develop-
ment of numerous disorders. Additionally, microplastics may play a role
of contaminants carrier due to the ability of adsorption of various
inorganic and organic pollutants (Bouwmeester et al., 2015). This re-
view summarizes predicted risk of environmental pollution resulting
from increased usage of disposable protective gloves (DPGs) during
pandemic COVID-19 associated with possibility of contaminants release
from gloves materials, pollutants accumulation on their surface and the
effects of gloves materials aging contributing to changes of their
properties.

2. Disposable protective gloves (DPGs)

DPGs are generally used in medical applications (during surgery,

Fig. 2. The examples of discarded DPGs in random spots in Lublin and Poznan Cites (Poland).
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Table 1
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The examples of organic components commonly added during plastics manufacturing, their role and influence on living organisms (chemical structure figures were
taken from ChemSpider: http://www.chemspider.com).

Compound Structure Negative effect Organism Ref.
Plasticizers
dimethyl phthalate (DMP) CH 3 Oxidative damages, disturb of the gene Zebrafish (Danio (Cong et al., 2020)

| expression levels rerio)

O O inhibited growth, cell inactivation, cell Escherichia coli K12 (Wang et al.,

O membranes damage 2019b)
prenatal exposure affects reproductive Human males (Suzuki etal., 2012)
o /CH3 development

diethyl phthalate (DEP)

diethylhexyl phthalate
(DEHP)

diisodecyl phthalate (DIDP)

diheptyl phthalate (DHP)

diisononyl phthalate (DINP)

Flame retardants
tris(2-chloroethyl)
phosphate (TCEP)

tris(1-chloro-2-propyl)
phosphate (TCPP)

0
0" cH,
O CHs

o

O
o}

CH,
CH,

CH3

Reduced the average lifespan, decreased
reproduction

histological structures damages of liver
and kidneys, inhibition of cell
proliferation

Liver damage, ROS generation, lipid
peroxidation, immunosuppression

reduced the average lifespan, decreased
reproduction

disruption of female fertility, hormones
and ovarian folliculogenesis

utero exposure decreases anogenital
distance and reproductive, poses
reproductive hazard

Behavioral, enzymological, and oxidative
stress, disruption in circadian rhythm
liver and kidney damage, increase in
levels of ROS

Behavioral, enzymological, and oxidative
stress, disruption in circadian rhythm

Accumulation of ROS, damage and
inflammatory responses in liver and
kidney tissues, neuroinflammation in the
brain, disruption of female fertility,
disruption of hormones and ovarian
folliculogenesis

decrease of testosterone level in male

adversely affect oocytes growth and
maturation, abnormal gonadal
development and reproduction,
disruption of the endocannabinoid
system

Influence on biochemical and electrolyte
levels of fish, histopathological
anomalies in the gills, liver, and kidney
tissues

neurotoxicity by increasing thyroid
hormones, induce of oxidative damage
down regulation of the expression of
selected genes and proteins related to
neurodevelopment of zebrafish embryos/
larvae

Significant alterations of proteins
associated with: neurotransmission,
neurodevelopment, signal transduction,
transport, metabolism, and detoxification

Caenorhabditis
elegans
Flounder
(Paralichthys
olivaceus)

Catfish
(Pelteobagrus
fulvidraco)
Caenorhabditis
elegans

Mice

Human males

Zebrafish (Danio
rerio)
Balb/c mice

Zebrafish (Danio
rerio)

Mice

Human

Zebrafish (Danio
rerio)

Freshwater fish

(Cirrhinus mrigala)

Kunming mice

Zebrafish

Rockfish (Sebastes
schlegeli)

(Pradhan et al.,
2018)
(Xiao et al., 2018)

(Mo et al., 2019)

(Pradhan et al.,
2018)

(Chiang et al.,
2020; Chiang and
Flaws, 2019)
(Dorman et al.,
2019)

(Poopal et al.,
2020)
(Chen et al., 2019b)

(Poopal et al.,
2020)

(Chiang et al.,
2020; Duan et al.,
2018; Ma et al.,
2014)

(Henrotin et al.,
2020)
(Forner-Piquer
et al., 2018;
Santangeli et al.,
2017)

(Sutha et al., 2020)

(Wang et al.,
2020a)
(Li et al., 2019)

(Ji et al., 2020)

(continued on next page)
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Table 1 (continued)
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Compound

Negative effect

Organism

Ref.

tetrabromobisphenol A
(TBBPA)

Decabromodiphenyl ethane
(DBDPE)

Decabromodiphenyl ether
(DBDE)

Hexabromocyclododecane
(HBCDD)

Antioxidants
3-t-butyl-4-hydroxyanisole
(BHA)

butylated hydroxytoluene
(BHT)

Stabilizers
bisphenol A (BPA)

Structure
H3C
Cl
cl O%p O ¢
= =
HsC o B CH,
HsC CH
Br 3 3 Br
HO OH
Br Br
Br
Br I Br
Br Br
Br l Br
Br Br
Br
Br et
Br o Br
Br BrBr Ex
Br Br
Br
Br Br
Br
Br
Br
HO
CHj
H;C
CHs
O—CHjs

HsC CH,
HaC CHj

CH,

Affects the exploratory and anxiety-
related behavior

changes in thyroid receptor and
deiodinase enzyme expression

Induced oxidative stress, lipid membrane
peroxidation, DNA damage

induction of oxidative stress and an
inflammation response resulted in
endothelial dysfunction and
cardiovascular disorders, could impair
liver structure and function

Disruption of molting, neurotoxicity
(disruption of neurotransmitter signaling
pathways)

adverse effect on phagocytosis of
haemocytes, histopathological effects in
gills

Developmental neurotoxicant,
impairments in motor maturation of pups
induction of nuclear abnormalities

Stimulating action on ROS production

Cardiotoxicity, developmental toxicity

Developmental exposure lead to acute
metabolic effects in larvae, affected

Wistar rats

Zebrafish (Danio
rerio)

Earthworms
(Eisenia fetida)
Rats

Folsomia candida

Marine scallop
(Chlamys farreri)

Wistar rats
Benthic clams

Macoma balthica

@)

Rat liver

Zebrafish (Danio
rerio)

Zebrafish (Danio
rerio)

(Rock et al., 2019)

(Parsons et al.,
2019)

(Zhao et al., 2020)

(Jing et al., 2019;
Sun et al., 2020)

(Zhang and Qiao,
2020)

(Xia et al., 2020)

(Maurice et al.,
2015)
(Smolarz and
Berger, 2009)

(de Oliveira Pateis
et al., 2018)

(Sarmah et al.,
2020)

(continued on next page)
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Table 1 (continued)
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Compound Structure Negative effect Organism Ref.
CH3 hatchability and heart rates, craniofacial (Huang et al.,
deformity, elongation of head length 2020b; Martinez
HO OH et al., 2020)
physiological and biochemical Chlamydomonas (Esperanza et al.,
CH3 alterations, decrease in growth and reinhardtii Corbicula 2020)
vitality, increase in intracellular ROS fluminea
level
Nonylphenol OH Impairing of germ cell development and Mice (Park et al., 2020)
maintenance the induction of the ROS Mullets (Liza (Salamat and
leading to disruption of cell membrane klunzingeri) Derakhshesh, 2020)
and damages of cellular metabolism Wistar rats (Jiang et al., 2020)
perinatally exposition causes myelination
in the cerebellum of offspring
HaC CHs
CH; CHs
ROS - reactive oxygen species.
Do you use DPGs? _ _ _ _
Frequency of doing shopping during pandemic
No More often than Less than once

3 times a week
(5.4%)

(7.4%

) ,,
Yes
Qsm
» Yes
(35.3%)
No
(64.7%)

2-3timesa
week
(30.1%)

4 pairs and
more
(24.2%)

3 pairs
(24.2%)

every two weeks
(8.3%)

Once every
two weeks
(10.3%)

1 time a week
(45.8%)

pairs
(21.8%)

Pairs of DPGs used during week during pandemic

Yes
13.1%)

N 4 pairs and |
(0] more
(256%) (48.1%)

Other*
(61.2%)

____ work I

* - working remotely or no job

3 pairs
(17.3%)

Pairs of DPGs used for day during pandemic

1 pair
(19.2%)

2 pairs
(15.4%)

Fig. 3. Diagrams presenting the usage of DPGs during pandemic (data come from the survey performed at the beginning of May 2020).



K. Jedruchniewicz et al.

examinations) and less often in home, industry and food service. Due to
the appearance of the SARS-CoV-2 and precautions consequently
introduced by heads of states, gloves have begun to be used by the entire
community. PPE, especially gloves and masks play a significant role
during COVID-19 pandemic. Health care workers and presently the rest
of the society use them to minimize the infection risk. Additionally, PPE
may improve psychological comfort through the feeling of being more
protected than in the reality (Mahmood et al., 2020; You et al., 2020).

Preliminary insight based on questionnaire revealed that the daily
usage of DPGs during pandemic have greatly increased in comparison to
the pre-pandemic period. The survey was performed for group of 312
people (85.9% of women and 14.1% of men) about 2 months after the
occurrence of first case of COVID-19 in Poland (on the beginning of May
2020). Most of the answers (55.1%) came from people at the age from 20
to 29. Less than half of respondents declared that before pandemic they
had been using disposable gloves (e.g. during cleaning or working).
During that time, calculated usage of gloves pairs equaled 0.58 per
person per week. After 2 months of pandemic duration, up to 93.6% of
respondent declared using of the DPGs during shopping and from this
group, 24.3% used four or more pairs of DPGs a week. Calculated usage
of DPGs at that moment equaled 5.4 pairs of gloves/person/week. These
preliminary estimations revealed that after 2 months of the pandemic,
the usage of DPG have increased about ten times (936% increase).
Detailed results obtained from the survey are shown in Fig. 3.

The survey was performed during the period when the most re-
strictions were introduced. Gradual opening of public places and
maintaining the order of gloves wearing additionally affected the rapid
increase of DPGs use at numerous places. For instance, hairdressers and
cosmetics are obliged to use a fresh pair of gloves every new client. For
the mentioned reason, the duration of pandemic COVID-19 generates
still increasing amounts of DPGs being then introduced to the
environment.

3. Materials for DPGs production

Gloves properties are dependent on the applied material for their

Number of answers

Other None

Latex Nitrile Foil Vinyl

o
S
e

vinyl gloves

oy
Ty
H Cl/,

polyvinyl chloride

nitrile gloves
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production, additives and manufacturing process. Following materials
are used for the gloves production: natural rubber latex (NRL), nitrile
butadiene rubber (NBR), PVC, PE, styrene butadiene rubber (SBR),
neoprene, polyvinyl alcohol (PVA) and few others (Preece et al., 2020;
Yew et al., 2019). Based on the performed survey, during the pandemic
three types of DPGs are mainly used: latex, nitrile and folic, which make
up almost 94.6% of all gloves used, and less often used are vinyl gloves
(Fig. 4).

The most commonly rubber used for the production of gloves
(mainly for medical application) is natural rubber, called latex (Fig. 4b)
(Preece et al., 2020). Natural rubber is obtained from Amazonian rubber
tree (Hevea brasiliensis) by the tapping of the tree bark. Milky fluid (fresh
latex) is collected into containers and afterwards processed into raw
rubber in the factory (Bang-iam et al., 2013; Yip and Cacioli, 2002).
Latex generally consists of cis-1,4-polyisoprene, has a white color and
good physical properties (Agrawal and Konno, 2009). Solid natural
rubber also contains natural lipids, phospho- and glycolipids, proteins,
and others (Sakdapipanich and Rojruthai, 2012). Latex contain only
small percentage of nonrubber substances. However, the improvement
of material’s properties can be achieved through the additional pro-
cesses such as chlorination or polymer coating resulting in introducing
of additional elements to the latex structure (Yip and Cacioli, 2002). The
main disadvantage of latex gloves is the fact of provoking allergic re-
action even in 6% of the worldwide population (Preece et al., 2020). For
this reason, other types of materials were proposed and used for gloves
production.

Nitrile gloves are a good alternative to other types of gloves. They
characterize resistance to chemicals, low allergic risk and good dexterity
(Yew et al., 2019). The cost of nitrile rubber is the lowest for the gloves
production and this material characterizes suitable mechanical and
chemical performance quality (Yew et al., 2020). Nitrile rubber is ob-
tained as a result of a polymerization process of butadiene and aceto-
nitrile (Fig. 4e) and hence is known as acetonitrile butadiene rubber
(NBR) (Yew et al., 2019). The content of acetonitrile varies from 18% to
50% depending on targeted properties of the material. Increased con-
centration of acetonitrile in rubber results in higher strength, hardness,

b)
- polyisoprene
2 CHs H
\ /
C=C
/ \
CH2 CH2
latex gloves n
c)
polyethylene

foil glok '[' 'I'
7Y
H H/

nitrile butadiene rubber

*{CHZ—CHICH—CHzHCH—CHz%
n Ny m

Fig. 4. The survey summary concerning the DPGs types usage during a pandemic (n = 312) (a) and types of mainly used gloves: latex (b), foil (c), vinyl (d), and

nitrile (e).
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heat resistance and low-temperature flexibility (McKeen, 2012). During
the manufacturing process such additives as emulsifiers, activators and
catalyst are commonly used (Why Nitrile Gloves Is a Better Alternative
Compared To Latex, n.d.). The improvement of nitrile material’s prop-
erties can be gained through the addition of substances and chemical
reaction (carboxylation or hydrogenation) (Yew et al., 2019). Nishioka
et al. (2020) proved that additives in nitrile gloves can, rarely but also,
cause allergic reaction.

Other gloves commonly used during the pandemic are made from PE
foil gloves (Fig. 4c). Polyethylene is not suitable for medical gloves
production and it is also toxic. This type of gloves is mainly used in non-
medical applications, such as food service lines, deli counters, petrol
stations and others. During pandemic, this type of gloves is often used
during shopping (shops are obliged to provide DPGs for clients and this
type of gloves are selected in majority). PE is widely used due to their
properties such as good chemical stability, resistance, odourlessness and
cost-effectiveness. Disadvantages of this material are low dexterity, poor
physical and mechanical properties and toxicity (Yew et al., 2019). PE
may be produced as a high-density polyethylene (HDPE), which is
harder and more flexible and less rigid low-density polyethylene (LDPE).
Apart from the glove’s material, PE is commonly applied for the pro-
duction of other products e.g. packaging, laboratory equipment and
some medical applications. Nowadays, PE is the most abundant plastic
in the aquatic environment (Crawford and Quinn, 2017). Increased
consumption of PE poses a serious threat for the environment (Zhang
et al., 2016b).

PVC is a material used for vinyl gloves production (Fig. 4d). This type
of gloves is rarely used during pandemic. Based on the survey, only 4.1%
of respondents use vinyl DPGs. PVC is a polymer with high chlorine
content. Due to the high content of chlorine (57% of total weight),
settling of PVC in soil and water may lead to introducing of harmful
chlorinated substances, HCI and chlorinated dioxins to the environment
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of UV light,
high temperature

and moisture

Hospitals, clinics

i
===}

{3

N

Intake by plants Naliay § W e
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(Glas et al., 2014). During the manufacturing process, the degradation of
PVC (dehydrochlorination process) often occurs, which requires addi-
tion of heat stabilizers (Zhang et al., 2016a). Additionally, plasticizers
and other additives (heavy metals, phthalates) are applied providing
better physical and chemical properties of the material (Giacomucci
et al., 2020; Prata et al., 2020). It was proved that vinyl gloves contain
plasticizers at level upwards 30% of the glove’s weight (Arbor et al.,
2019).

4. DPGs influence on the environment

Increased use of DPGs have generated a significant amount of gloves
waste in both landfills and random places. Plastics, poorly-degradable
materials are not environmentally inert (Elizalde-Velazquez et al.,
2020). The components of DPGs such as heavy metals and organic
chemicals may be easily released from gloves and may contaminate
water and soil (Garcon et al., 2017; Hospital et al., 2007; Kawamura
et al., 2002, 2000; Reichel, 2012; Sugiura et al., 2002; Wakui et al.,
2001). Gradual release of contaminants locally influences wildlife by
disturbing their development and leads to various disorders. Addition-
ally, plastic materials are characterized by adsorptive properties by
which different inorganic (heavy metals) (Besson et al., 2020; Zhang
et al., 2020a) and organic contaminants (e.g. polycyclic aromatic hy-
drocarbons (PAHs)) (Lei et al., 2020; Rochman et al., 2013), pharma-
ceuticals (Elizalde-Velazquez et al., 2020; Wu et al., 2016) and personal
care products (Dong et al., 2019) may be adsorbed, accumulated and
transported (Fig. 5). Fragmentation of gloves is other important aspect.
The fragmentation may make the release of contaminants easier, but
also the surface area of disintegrated gloves may increase, which make
this fragments a good adsorbent. The longer the pandemic lasts, the
more DPG-waste will get to the environment and more serious effects
may cause. Discarding gloves in a long-term perspective may come out
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Fig. 5. The routes of possible environmental pollution by DPGs.
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to be a real threat for present and future generations.
4.1. Pollutants in DPGs and gloves materials

4.1.1. Heavy metals

Metals can be introduced to plastics during the gloves manufacturing
process. Metal ions are applied as cross-linkers which speed up the sulfur
vulcanization. As crosslinkers divalent: Zn(II) or Mg(II) or polyvalent
metal ions: Zr(IV), Cr(III), Fe(IIl), Al(III) may be used (Yew et al., 2020,
2019). Additionally, divalent metal ions influence the quality of rubber,
e.g. storage characteristics or plasticity (Zhao et al., 2018). Performed
experiments revealed that a wide range of metals can occur and be
leached from commercially available DPGs.

The potential of metals release from DPGs was evaluated by Garcon
et al. (2017). Metals were leached from 15 different types of gloves
provided by different suppliers, of different colors and materials (vinyl,
nitrile, latex, and neoprene). Extracts of gloves were prepared by their
soaking in 0.4 mol/L HNOs + 0.05 mol/L HF at room temperature for
40 h. Performed measurements revealed that the most of 60 elements
occurred in the extracts. Zn was present in the highest concentration
(from 0.6 to 863.8 mg/L). The amount of Fe, Hf, Mg, Mn, Pb, Rb, Sr, Sn,
Ti and Zr released from gloves to the solution was above of 50 pg/L,
while the concentration of Ag, As, Ba, Ce, Cr, Cu, Ga, La, Li, Nd, Ni, Sc,
Se, Th, Tl, V and Y in extract ranged from about 5-50 pg/L. From nitrile,
latex and neoprene gloves the highest amounts of elements were
released, while latex gloves released the most rare elements. No differ-
ences were observed depending on the glove’s color (Garcon et al.,
2017).

Wakui et al. (2001) determined selected metals (Al, Ca, Cd, Cu, Mg,
Pb, S, Si, Zn) in 4% of acetic acid extracts from 16 disposable gloves
made of PVC, PE, NRL and NBR. The content of Pb and Cd in extracts
were below the detection limit (0.10 mg/L) in all samples. The lowest
concentration was noted for Al and it ranged from 0.11 to 0.55 mg/L
(detected in 10 samples), while the highest concentration was observed
for Ca, which ranged from 0.14 to 23.9 mg/L and was detected in almost
all investigated samples. Mg and Cu were identified in the smallest
number of samples (2 and 5, respectively) and the concentration ranged
from 0.76 to 1.56 mg/L for Mg and from 0.18 to 2.29 mg/L for Cu
(Wakui et al., 2001). Due to the insufficient data available in literature
concerning heavy metal content in various types of DPGs, it is difficult to
estimate potential risk of heavy metals release after getting DPGs to the
environment. Studies concerning concentration of metals in materials
from which gloves are made (NRL, NBR, PE, PVC) can provide more data
and be a base to evaluate the potential risk of environmental pollution
by DPGs.

Except of gloves, trace elements were detected in raw PE (Munier
and Bendell, 2018), particles of plastic bags (Alam et al., 2019, 2018),
litters (Nakashima et al., 2011; Turner, 2017), micro- and macro plastics
(Munier and Bendell, 2018; Turner et al., 2019), and debris (Prunier
et al., 2019) made of PE (both LDPE and HDPE). Ba, Cd, Cr, Cu, Pb and
Zn concentrations were studied most often and the obtained results are
collected in Table 2. Among the analyzed elements, the highest content
of Cd, Cr and Pb was noted in PE debris (Prunier et al., 2019). In com-
parison to a new packaging or pristine pellets their level is several times
higher. The concentration of Ba was the highest in beached bio-beads
(Turner et al., 2019). Only Cu content was higher in a new packaging
(Prunier et al., 2019) in comparison to debris and other PE materials.
Both pristine PE and PE debris may be relevant sources of metals in the
environment. Among the other elements, which were determined in PE,
Fe content was noted on the high level, i.e. in the range from 92.5 to 29,
200 pg/g in beached filamentous plastic litters (Turner, 2017). Mn was
determined in PE, HDPE and LDPE bags, but their content varied from
below detection limit to 25.1 pg/g (Alam et al., 2019, 2018). Other
heavy metals (Bi, Hg, Ni, Sn, Sr, Ti, and V) rarely occurred in PE particles
or their concentration was relatively low (Prunier et al., 2019; Turner,
2017; Turner et al., 2019).
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Due to the limited data on the content of contaminants in PVC-based
gloves, some information about the existing problem and a potential risk
may be provided by analysis of data of other PVC products. Heavy
metals were detected in raw PVC (Munier and Bendell, 2018), PVC
microplastics (Boyle et al., 2020), and PVC products such as toys
(Turner, 2018) or bags (Alam et al., 2019, 2018). Among the analyzed
PVC materials, PVC bags (Alam et al., 2019, 2018) showed the highest
content of the most determined heavy metals (Ba, Cd, Cr, Cu and Zn,
Table 2). In case of Pb, the PVC microplastics (MPs) contained the
highest on performed experiments on zebrafish, authors concluded that
the amount of Pb released from PVC MPs may cause a negative response
in zebrafish, while PVC may pose a long-term environmental Pb reser-
voir available for aquatic animals (Boyle et al., 2020). Toys made of PVC
are a frequent subject of this kind of analysis and can be a good example
of potential risk. Turner (2018) tested children’s toys to evaluate the
occurrence of heavy metals and the possibility of their release under
simulated stomach conditions. After extraction, the solution was
analyzed in terms of Ba, Cd, Cr, Hg, and Pb determination. Author of the
work confirmed the occurrence of Ba, Cd, Cr and Pb in extracts, where
the Pb concentrations exceeded acceptable content of Pb regarding EU
Toy Safety Directive (allowable concentration of Pb equals 23 ug/g)
(Turner, 2018).

Depending on the material used, the concentration of metals in
different plastics including gloves can be very high. However, additional
research is needed for better understanding. The potential risk is not
only related to the concentration of metals in DPGs but also, from the
environmental point of view. Water and soil moisture probably are the
most important factor, which causes the release of different contami-
nants from gloves. However, the others factors such as temperature, UV
light or microorganisms can enhances the leaching process. This
knowledge is necessary to estimate the environmental risk of pollution
resulting from DPGs frequent usage and disposal.

4.1.2. Organic contaminants

As was mentioned before, many of different additives are applied
during gloves manufacturing to obtain a material with desirable prop-
erties. Beside polymers, plastics and rubbers may contain plasticisers,
reinforcements, toughners and/or colorants (Crawford and Quinn,
2017). Several reports indicate the problem of organic contaminants
released from plastics DPGs (Hospital et al., 2007; Kawamura et al.,
2002, 2000; Reichel, 2012; Sugiura et al., 2002), but information con-
cerning the level of pollutants leached from DPGs in realistic environ-
mental conditions are still scanty. Most of the experiments concerning
organic contaminants release from DPGs are carried out beyond the
actual environmental conditions by using harsh solvents such as
n-heptane (Kawamura et al., 2002) or the content of organic additives
has not been quantified (Reichel, 2012; Sugiura et al., 2002). In Table 3
the occurrence and possibility of various additives leaching from DPGs
are presented.

Up to now, there are only a few works related to different organic
contaminants content in pristine gloves (Hospital et al., 2007; Kawa-
mura et al., 2002, 2000; Reichel, 2012; Sugiura et al., 2002) (Table 3). It
can be found that latex, nitrile, vinyl and foil DPGs may release various
organic substances, which are plasticizers, emulsifiers, antioxidants or
antimicrobial agents. The content of additives released from gloves may
even reach almost 800 ug/g diisononyl adipate (extracted from vinyl
gloves) (Kawamura et al., 2002). There is an urgent need to estimate
(also in environmental conditions) other additives, which may occur in
DPGs and verify the environmental factors facilitating their leaching
when DPGs get to the soil and/or water. Nowadays, the pollution risk
from discarded gloves may be determined on the basis of experiments
with the use of polymers of which gloves are made.

PE or PVC, which are used during DPGs production are also applied
for production of other kinds of goods. Thus, even if we do not have
information about the concentration of different compounds in gloves, it
is possible to estimate the risk on the basis of other products.
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Table 2
The content of selected heavy metals in daily use products made from plastics usually used for gloves production (PE, LDPE, HDPE and PVC).
Determined Plastic Plastic origin Concentration Sample preparation Used Ref.
element type range (ug/g) technique
Ba PE New bio-beads 300-606 - XRF (Turner et al.,
Used bio-beads 318-5500 - 2019)
Beached bio-beads 342-8020 -
New packaging 0.01-1528 Acid digestion with bi-distilled HNO3, multistep procedure =~ ICP-MS (Prunier et al.,
Virgin pellets nd-0.5 using microwave oven (110 °C - 3 min, 160 °C - 3 min, 2019)
Debris 0.1-371.7 200 °C - 15 min)
HDPE Bags 0.01-318.4 Digestion with 65% HNO3 (30 min, RT), 90 min in 175 °C, ICP-OES (Alam et al.,
30% H,0, added and heated 60 min 2019)
LDPE 33.6 + 0.8 (Alam et al.,
2018)
PVC 16.9-250.7 (Alam et al.,
2019)
110.1 £1.0 (Alam et al.,
2018)
1.12-197.3 (Alam et al.,
2019)
197.3 £ 4.0 (Alam et al.,
2018)
0.2-295.4 (Alam et al.,
2019)
62.0 +£ 5.6 (Alam et al.,
2018)
Toys 3.1-71.3 Incubation in 0.07 M HClI for 2 h (37 °C) XRF (Turner, 2018)
cd PE Beached bio-beads 35.1-312 - XRF (Turner et al.,
2019)
New packaging nd - 0.83 Acid digestion with bi-distilled HNO3, multistep procedure ~ ICP-MS (Prunier et al.,
Virgin pellets nd - 0.02 using microwave oven (110 °C - 3 min, 160 °C - 3 min, 2019)
Debris nd - 4285 200 °C - 15 min)
HDPE Bags nd-17.5 Digestion with 65% HNO3 (30 min, RT), 90 min in 175 °C, ICP-OES (Alam et al.,
30% H,0, added and heated 60 min 2019)
LDPE nd - 34.2 (Alam et al.,
PVC nd - 23.1 2018)
nd - 473.8
135.0 £+ 3.08
LDPE “Recently 0.4+0.1 Washing in 10% HNO3 at 30 °C for 2 h AAS (Munier and
manufactured” 1.8+ 0.6 Bendell, 2018)
polymers
PVC Toys nd - 274.0 Incubation in 0.07 M HCI at 37 °C for 2 h XRF (Turner, 2018)
Cr PE Litters 14.0 + 6.0 - XRF (Nakashima et al.,
2011)
23.1-909.0 - (Turner, 2017)
Used bio-beads 24.9-62.4 - (Turner et al.,
2019)
Beached bio-beads 17.4-1400
New packaging 0.1-2.40 Acid digestion with bi-distilled HNOs, multistep procedure ~ ICP-MS (Prunier et al.,
Virgin pellets 0.1-10.0 using microwave oven (110 °C - 3 min, 160 °C - 3 min, 2019)
Debris nd - 2541 200 °C - 15 min)
HDPE Bags nd - 75.1 Digestion with 65% HNO3 (30 min, RT), 90 min in 175 °C, ICP-OES (Alam et al.,
30% H,0, added and heated 60 min 2019)
LDPE nd - 73.6 (Alam et al.,
2018)
PVC 1.6 £ 0.04 (Alam et al.,
2019)
nd - 78.4 (Alam et al.,
nd - 23.2 2018)
0.2+0.1
Toys nd - 18.6 Incubation in 0.07 M HCI for 2 h (37 °C) XRF (Turner, 2018)
Cu PE Litters 11.6-808 - XRF (Turner, 2017)
Used bio-beads 14.3-83.5 - (Turner et al.,
2019)
Beached bio-beads 13.5-363 -
New packaging nd - 1684 Acid digestion with bi-distilled HNOs, multistep procedure ~ ICP-MS (Prunier et al.,
Virgin pellets nd - 0.21 using microwave oven (110 °C - 3 min, 160 °C - 3 min, 2019)
Debris 0.05-11.9 200 °C - 15 min)
HDPE Bags nd - 95.6 Digestion with 65% HNO3 (30 min, RT), 90 min in 175 °C, ICP-MS (Alam et al.,
30% H,0, added and heated 60 min 2019)
LDPE 95.6 + 2.33 (Alam et al.,
2018)
PVC 1.17-259 (Alam et al.,
2019)
429.7 +1.42 (Alam et al.,
2018)
nd - 157.9
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Table 2 (continued)
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Determined Plastic Plastic origin Concentration Sample preparation Used Ref.
element type range (ug/g) technique
(Alam et al.,
2019)
157.9 +11.9 (Alam et al.,
2018)
0.3-45.4 (Alam et al.,
2019)
4.21 £ 0.59 (Alam et al.,
2018)
Pb PE Litters 45.0 £+ 14.0 - XRF (Nakashima et al.,
2011)
2.8-3770 - (Turner, 2017)
Used bio-beads 9.4-69.9 — (Turner et al.,
Beached bio-beads 8.1-5380 - 2019)
New packaging nd - 2.26 Acid digestion with bi-distilled HNO3, multistep procedure ~ ICP-MS (Prunier et al.,
Virgin pellets nd - 0.15 using microwave oven (110 °C - 3 min, 160 °C - 3 min, 2019)
Debris 0.01-8314 200 °C - 15 min)
HDPE Bags nd - 65.8 Digestion with 65% HNO3 (30 min, RT), 90 min in 175 °C, ICP-OES (Alam et al.,
30% H,0, added and heated 60 min 2019)
LDPE 4.8 £ 0.2 (Alam et al.,
2018)
PVC nd - 71.2 (Alam et al.,
2019)
3.6 £ 0.6 (Alam et al.,
2018)
nd-12.4 (Alam et al.,
2019)
4.1 +0.1 (Alam et al.,
2018)
nd - 15.7 (Alam et al.,
2019)
MPs 6691 + 388 Incubation in 2% HNO3 ICP-MS (Boyle et al.,
for1h 2020)
Toys nd - 163.0 Incubation in 0.07 M HClI for 2 h (37 °C) XRF (Turner, 2018)
“Recently 27+1.5 Washing in 10% nitric acid at 30 °C for 2 h AAS (Munier and
LDPE manufactured” 522 +17.7 Bendell, 2018)
polymers
Zn PE Litters 10.9-588 - XRF (Turner, 2017)
New bio-beads 420-588 - (Turner et al.,
2019)
Used bio-beads 58.6-854 -
Beached bio-beads 16.3-1590 -
New packaging 0.10-331 Acid digestion with bi-distilled HNOs, multistep procedure ~ ICP-MS (Prunier et al.,
Virgin pellets nd - 0.19 using microwave oven (110 °C - 3 min, 160 °C - 3 min, 2019)
Debris 1.17-327 200 °C - 15 min)
HDPE Bags nd - 153 Digestion with 65% HNO3 (30 min, RT), 90 min in 175 °C, ICP-MS (Alam et al.,
30% H,0, added and heated 60 min 2019)
LDPE 107 + 4.68 (Alam et al.,
2018)
PVC nd - 212 (Alam et al.,
2019)
130 +12.9 (Alam et al.,
2018)
nd - 65.2 (Alam et al.,
2019)
54.0 + 5.03 (Alam et al.,
2018)
nd - 90.4 (Alam et al.,
2019)
8.75 £ 0.26 (Alam et al.,
2018)

nd - not detected; AAS — atomic absorption spectroscopy; ICP-OES — inductively coupled plasma optical emission spectrometry; ICP-MS — inductively coupled plasma

mass spectrometry; XRF — X-ray fluorescence spectroscopy.

Akhbarizadeh et al. (2020) collected data concerning the content of
selected pollutants in commercially available bottled water made of
various. For instance, bisphenol A (BPA), an essential component of
many plastic items (Osman et al., 2021), was detected in PE bottled
water and BPA concentration equaled to 20.7 ng/L (Chailurkit et al.,
2017). Other, very common components of plastics that may be released
during plastics utilization are lubricants. Farajzadeh et al. (2006)
determined the content of commercial lubricants (stearamide, oleamide
and erucamide) in 12 samples of PE (granule or sheet forms) complete
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dissolving of PE in xylene (Table 4) (Farajzadeh et al., 2006). Lv et al.
(2009) quantified the content of fatty acid amides such as hex-
adecanoamide, octadecanamide, oleamide, erucamide in PE packaging
material samples. The highest amount was noted for oleamide and it
ranged from 243 to 969 pg/g. The possibility of selected phthalates:
di-(2-ethylhexyl) phthalate (DEHP), diethyl phthalate (DEP), benzyl
butyl phthalates (BBP), and dibutyl phthalates (DBP) releasing from PE
materials to food was investigated by Ayamba et al. (2020). The authors
confirmed that increasing contact time and temperature intensifies
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Table 3
The examples of organic substances occurred in various types of DPGs.
Type of Leached substance Function Concentration Sample preparation Used technique Ref.
gloves range (ug/g)
Vinyl 1,2-benzisothiazolin-3-one Antimicrobial nd - 26 Extraction with a mixture of water and HPLC (Hospital et al.,
agent methanol (3:1) overnight, RT 2007)
Diethyleneglycol dibenzoate Plasticizer nd - 350 Extraction with n-heptane, 60 min, GC-MS (Kawamura
25°C et al., 2002)
Dipropyleneglycol dibenzoate Plasticizer nd - 520
Diisononyl adipate Plasticizer nd - 750
Alkylsulfonic acid phenyl ester Plasticizer nd - 1.39
di(2-ethylhexyl) phthalate Plasticizer 1.41-2.50" Extraction with n-heptane, 60 min, GC-MS (Kawamura
25°C et al., 2000)
Diisononyl phthalate Plasticizer 720"
di(2-ethylhexyl) adipate Plasticizer 137-841°
4-nonylphenol Plasticizer 2.72-36.4°
Alcohol ethoxylates Emulsifiers - Water extraction without shaking, LC-MS/MS (Reichel, 2012)
30 min (LTQ-Orbitrap)
Foil Octadecanoic acid amide Antioxidant - Extraction with acetone, 30 min, 150 °C, FT-IR and GC- (Sugiura et al.,
again extraction with methanol, 30 min MS 2002)
2,6-di-tert-butylphenol Antioxidant -
di(2-ethylhexyl) phthalate Antioxidant -
cis-13-docosenoic acid amide Antioxidant -
octadecyl 3-(3,5-di-tert-butyl-4- Antioxidant -
hydroxyphenyl) propionate
Nitrile Sodium dodecylbenzene sulfonate Emulsifier - Water extraction without shaking, LC-MS/MS (Reichel, 2012)
Polyethylene glycols Non-aqueous - 30 min (LTQ-Orbitrap)
solvents
Alcohol ethoxylates Emulsifiers -
Alkylphenol ethoxylates Emulsifiers -
phthalates Plasticizers -
Latex Alcohol ethoxylates Emulsifiers -

nd - not detected, below the detection limit; RT — room temperature; FT-IR — Fourier infrared absorption spectrophotometry; GC-MS — gas chromatography with mass
spectrometry; HPLC — high performance liquid chromatography; LC-MS/MS (LTQ-Orbitrap) — liquid chromatography equipped with orbitrap mass spectrometer.

a

in pg/em?

phthalates leaching process. Concentrations of the phthalates in the
olive oil after 4 h of contact (at 80 °C) occasionally exceeded the specific
migration limit according to the EU regulation 10/2011 (for DEHP and
DBP) (Ayamba et al., 2020; Commission Regulation (EU) No 10/2011,
2011).

Toys and children’s supplies made from PVC usually contain plasti-
cizers, which may be released during handling or mouthing due to the
fact that plasticizers are not covalently bonded (Steiner et al., 1998). The
same can occur with gloves that can have direct contact with the human
body, food or saliva. Recently, Babich et al. (2020), who was investi-
gating potential migration of 38 different plasticizers from children’s
toys, child care articles, art materials, and school supplies, identified the
following chemicals: acetyl tributyl citrate (ATBC), di (2-ethylhexyl)
terephthalate (DEHT), diisononyl 1,2-cyclohexanedicarboxylic acid
(DINX), 2,2,4-trimethyl-1,3 pentanediol diisobutyrate (TPIB), diiso-
nonyl phthalate (DINP), DEHP and tributyl citrate (TBC) in solutions
obtained through the samples extraction with simulated saliva. Some of
toys contained two or even three plasticizers at the same time. The
determination of plasticizers in PVC children’s toys and supplies was
performed also by Oteef and Elhassan (2020). Three plasticizers were
quantified: DBP, DEHP and DINP (Table 4). One or more regulated
phthalates from analyzed products exceeding regulatory limit level
(Oteef and Elhassan, 2020). The migration of DEHP from respiratory
PVC medical devices dedicated to newborns was investigated by
Bouattour et al. (2020). The level of DEHP in the air reaches a cumu-
lative quantity of 123 mg. A humidifying of the air decreased the DEHP
content, which is important especially in term of environmental condi-
tions (Bouattour et al., 2020). Similarly as PE products, PVC also may
contain BPA. Lopez-Cervantes and Paseiro-Losada (2003) estimated
content of BPA in PVC stretch films used for food packaging (Table 4)
(Lopez-Cervantes and Paseiro-Losada, 2003).

The release of organic substances in environmental conditions is
important to find if increased usage of DPGs can lead to elevated
pollution levels and threaten living organisms. It is necessary to examine
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all the materials, which are used for gloves production and produced
gloves to test the ability of the pollutants releasing, especially in envi-
ronmental conditions under the influence of settling in the soil, humidity
or increased temperature.

4.2. Pollutants adsorption and accumulation

Beside the direct effects of DPGs on living organisms (release of
inorganic and organic contaminants), there is an indirect effect related
to plastic sorption capacity to different compounds (Crawford and
Quinn, 2017). It has been shown that plastics and plastic particles that
occur in the environment may adsorb various inorganic and organic
pollutants (Zhang et al., 2020a). After adsorption, plastic particles act as
a contaminants carrier and for this reason pose an increased ecotoxi-
cological risk (Santos-Echeandia et al., 2020). Due to that, it is very
important to extend the knowledge about the possibility of contami-
nants accumulation by DPGs in the context of their use and disposal. The
most widely used gloves are made from natural or synthetic rubber as
well as from such plastics as PVC, PE, SBR, neoprene or PVA. The lack of
knowledge concerning adsorption capacity of natural and synthetic
rubbers makes it impossible to assess the risk of pollutants accumulation
by rubber gloves. Up to now, the adsorption capacity to heavy metals
(Pb, Cd, Cr, Cs, Cu, Zn) and organic pollutants (polycyclic aromatic
hydrocarbons, pharmaceuticals, pesticides and others) on PVC and PE
(which are used for vinyl and foil gloves production, respectively) were
investigated (Besson et al., 2020; Chen et al., 2019a; Dong et al., 2019; Li
et al., 2018; Razanajatovo et al., 2018; Wang et al., 2020e, 2021; Yu
et al., 2020; Zhang et al., 2020b; Zon et al., 2018, 2020). Up to now,
most of the experiments related to adsorption of heavy metals by plastics
applied pristine or aged particles and no research has been done
regarding gloves.

It has been shown (Besson et al., 2020) that PE can adsorb heavy
metals, such as Cd, Cs and Zn. Adsorption capacity of pristine micro-
plastics (MPs) of PE (32-75 um PE beads) was lower than natural
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Table 4
The content of selected organic chemicals in PE and PVC products.
Quantified compound Plastictype  Plastic origin Concentration Extraction conditions Used Ref.
range (ug/g) technique
Stearamide PE Granule and 504-1244 Dissolved in xylene by heating on hot plate HPLC and (Farajzadeh et al., 2006)
sheet forms GC
Oleamide 91-858
Packaging 243-969 1:1 of isopropanol in chloroform (30 min, 90 °C, GC-MS (Lv et al., 2009)
100 bar)
Erucamide Granule and 343-1485 Dissolved in xylene by heating on hot plate HPLC and (Farajzadeh et al., 2006)
sheet forms GC
Packaging 201-337 1:1 of isopropanol in chloroform (30 min, 90 °C, GC-MS (Lv et al., 2009)
Hexadecanoamide nd - 116 100 bar)
Octadecanamide nd - 327
YPAHs" Synthetic rope 0.18 Extraction in sweater for 24 h and 120 h under GC-MS (Gardon et al., 2020)
TAdditives” 281.7 artificial light (400-750 nm) at 28 °C on a magnetic
agitator 600 rotations per minute (rpm).
DEHP PFC 1.54 + 0.06 Extraction with olive oil at 20 °C for 4 h GC-MS (Ayamba et al., 2020)
DEP TAB 1.39 + 0.04
DBP PFC 0.78 £0.19
TAB 0.67 £ 0.06
PFC 0.43 £ 0.10
TAB 0.54 +0.18
2,4-di-tert-butylphenol Recycled Packaging nd - 1.7 Extraction with isooctane at 20 °C for 2 days GC-MS (Dutra et al., 2011)
Limonene HDPE nd - 1.6
Bisphenol A PVC Stretch films nd - 98 Extraction with acetonitrile for 24 h at 60 °C HPLC (Lopez-Cervantes and
Paseiro-Losada, 2003)
Benzyl butyl phthalate Toys nd - 0.263¢ Dissolution in THF (kept overnight), precipitation GC-MS (Oteef and Elhassan,
(DBP) with n-hexane 2020)
di-(2-ethylhexyl) <LOQ - 32.2°
phthalate (DEHP)
Diisononyl phthalate nd - 14.2°

(DINP)

# The sum of naphtalene, benzothiophene, biphenyl, acenaphtylene, acenaphtene, fluorene, phenanthrene, anthracene, dibenzothiophene, fluoranthene, pyrene,
benzo[a]anthracene, chrysene, benzo[b-+k]fluoranthene, benzo[elpyrene, benzo[a]lpyrene, perylene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene, and benzo(g,

h,i)perylene.

b The sum of dimethyl phthalate (DMP), diethyl phthalate (DEP), di-n-butyl phthalate (DBP), butyl benzyl phthalate (BBP), diethylhexyl adipate (DEHA), di(2-
ethylhexyl) phthalate (DEHP), Irgafos 168® oxidized, and Irgafos 168® reduced.
¢ Concentration in % wt/wt; <LOQ — below the quantification limit; PFC — polyethylene food containers; TAB — take away polyethylene bags.

sediment particles (35-91 um). After 72 h of exposure, pristine PE MPs
adsorbed less than 0.8% of Zn, Cs and Cd added to the solution, while for
sediment particles the values ranged from 2.5% to 71.0%. It may suggest
that the pristine PE MPs not efficiently adsorb and transport Zn, Cs and
Cd in marine environment (Besson et al., 2020). LDPE microbeads (with
size 200-300 um) were used as plastic models to evaluate the adsorption
kinetics of Cd (Zon et al., 2020). The maximum adsorption capacity was
determined to be 10.1 ug/g based on the pseudo-first order model. Au-
thors indicated that the adsorption process is reversible and the bonds
between Cd and LDPE microbeads are relatively physically weak,
however they suggested that microbeads may be a vector for heavy
metals in aquatic life (Zon et al., 2020). PE beads (177-250 um) were
used for the evaluation of the Cr(VI) adsorption possibility (Zhang et al.,
2020b). The experiments were designed to test the influence of pH and
the presence of sodium dodecyl benzene sulfonate (SDBS) on the Cr
adsorption capacity. The authors have found that the presence of SDBS
can increase attractions between PE and Cr. The adsorption capability
increased from 390 to 1360 ug/g after the addition of 2 mM SDBS. The
pH was another factor causing changes in adsorption capability.
Increasing pH decreased the adsorption capacity of PE beads to Cr
(Zhang et al., 2020b). The adsorption capacity of Cr on pristine LDPE
microbeads was also determined by Zon et al. (2018). The experiments
were performed in artificial seawater. Based on the pseudo-first order
model the maximum adsorption capability (qmax) of LDPE microbeads
was calculated and equal 1.7 pg/g (Zon et al., 2018). Pristine PE MPs
(75-140 um) were tested to determine the adsorption capacity of Cu
with and without the presence of tetracycline (Wang et al., 2021).
Calculated qmax based on Langmuir model equaled 31.2 ug/g, while in
the presence of 5 mg/L TC, qmax reached 42.6 ng/g. Additionally, au-
thors of this work have compared adsorption capacity of pristine PE MPs
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with microplastics that were exposed to air (A-PE-MPs), water
(W-PE-MPs) and soil (S-PE-MPs) and they found that the
environment-exposed microplastics possessed higher adsorption capac-
ity for Cu (Wang et al., 2021). Turner et al. (2020) suggested that due to
the significant amount of metal additives in PE, they may be more
harmful than the metals adsorbed on polymer surfaces. However, the
release of metal which was preliminary adsorbed is higher than release
of metal added during production of PE. Bioaccessibility of Pb is
considerably larger when the metal is adsorbed on the plastic surface
than when it is an additive consisting in the polymeric matrix. The au-
thors evaluated that 0.1 ug/g of Pb was adsorbed on PE surface, while
the concentration of Pb as an additive in PE was from a few thousand
ug/g to about 40,000 pg/g. From the amount of Pb absorbed by PE,
60-70% was accessible, while only 16% was accessible from PE with Pb
as a component of polymer structure (Turner et al., 2020).

Godoy et al. (2019) investigated the potential of PE and PVC as a
carrier of Cr, Cu, Pb and Zn. Authors observed differentiated PE and PVC
sorption capacity depending on the type of metal. PE more efficiently
than PVC adsorbed Cr (4.7 and 2.4 mg/g on PE and PVC, respectively)
and Pb (2.4 and 1.9 mg/g on PE and PVC, respectively), while Zn was
slightly better adsorbed on PVC (0.5 and 0.6 mg/g on PE and PVC,
respectively). The adsorption affinity of Cu was observed only for PE
(0.3 mg/g). All adsorption capacities were calculated based on the
Langmuir model (Godoy et al., 2019). The measurements performed
using the Brunner-Emmet-Teller (BET) method confirmed more devel-
oped surface of PE than PVC (1.4 vs. 0.59 m?/g), which may suggests
that surface area may be important for Cr and Pb, while other mecha-
nisms are responsible for sorption of Zn. There are still very few studies
relating to the sorption of heavy metals by plastics. However, the studies
conducted so far allow us to believe that, depending on the type of
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material and the additives used in it, adsorption/desorption may have a
significant impact on their distribution of metals in the environment.

The adsorption capacity of Cu and Zn on PVC was investigated by
Brennecke et al. (2016). Aged PVC fragments collected from seawater
showed very strong interactions with Cu and Zn leached from anti-
fouling paint immersed in the seawater. The concentration of Cu and Zn
reached 1320.7 + 268.6 pg/g PVC and 102.1 + 21.5 ug/g PVC, respec-
tively. Authors concluded that high adsorption capacity of Cu and Zn to
PVC allow to transport these pollutants over long distances in marine
systems and provide a risk to water organisms (Brennecke et al., 2016).
Wankasi and Dikio (2014) used PVC wastes to investigate Pb ions
adsorption from the aqueous standard solutions. The adsorption ca-
pacity of PVC to Pb was estimated 1 mol/g (according to the Freundlish
model), which needs to be a mistake as this value refers to 1 g of Pb on
gram of polymer. An important issue regarding the potential risk related
to heavy metals and plastic is the difference between the release of
freshly adsorbed metals and the release of metals constituting a
component of plastics (added during production).

The different anthropogenic organic contaminants, which are not
constituents of plastics, are another group of substances, which may be
adsorbed on plastics. The adsorption capacity of PE and PVC to PAHs
(Frias et al., 2010; Hirai et al., 2011; Karapanagioti et al., 2010; Lei et al.,
2020; Rochman et al., 2013), polychlorinated biphenyls (Camacho et al.,
2019; Frias et al., 2010; Hirai et al., 2011; Mizukawa et al., 2013;
Rochman et al., 2013), pharmaceuticals (Elizalde-Velazquez et al.,
2020; Li et al., 2018; Razanajatovo et al., 2018; Wu et al., 2016; Yu et al.,
2020), organophosphate esters (Chen et al., 2019a), and others (Dong
et al., 2019; Wang et al., 2020c, 2020e) were investigated. PE has been
characterized as a great sorbent of hydrophobic organic contaminants
(Karapanagioti et al., 2010; Lei et al., 2020). Due to the fact that PAHs
are one of the most common anthropogenic pollutants, the research on
their adsorption by various plastics is best described in their case. Lei
et al. (2020) determined the adsorption kinetics of 16 US EPA PAHs and
13 substituted PAHs (including 5 nitro-PAHs, 4 methyl-PAHs and 4
oxy-PAHs) on LDPE film. It was found that the equilibrium time was
linearly dependent for PAHs and SPAHs rings number. Increasing the
number of rings reduced the equilibrium time. Calculated log K ppg (the
coefficients of partitioning between LDPE and water) ranged between
4.45 and 6.25 (Lei et al., 2020). Rochman et al. (2013) investigated the
adsorption capacity of 15 PAHs (US EPA) to pre-production plastic
pellets made of HDPE, LDPE and PVC. The pellets were located during
the long period (up to 12 months) in five spots in natural water. Authors
observed that LDPE and HDPE more efficiently adsorb PAHs than PVC.
The concentration of PAHs was about one order of magnitude higher on
LDPE and HDPE than on PVC and likely that it is the result of greater
permeability of LDPE and HDPE (Pascall et al., 2005; Rochman et al.,
2013). After 12 months of exposure, the total PAHs concentration
equaled 797 ng/g for HDPE, 722 ng/g for LDPE and 27 ng/g for PVC. In
terms of environmental hazard, particles of PE may be a carrier for these
compounds due to the fact that PE has a greater adsorption capacity than
other plastics including PVC (Teuten et al., 2007) and pose a threat in
case of PE ingestion by animals (Rochman et al., 2013). Karapanagioti
et al. (2010) determined the adsorption kinetics of naphthalene, phen-
anthrene, and pyrene on eroded PE pellets collected from beaches.
Phenanthrene and pyrene have similar kinetic behavior and equilibrium
values, whereas naphthalene reaches equilibrium in shorter a time, but
at lower equilibrium value (Karapanagioti et al., 2010). Wang et al.
(2018) evaluated adsorption capacity of field sampled LDPE and nylon
fibers toward phenanthrene. The lack of hydrophilic functional groups
on LDPE fibers provided higher adsorption capacity of phenanthrene
than more hydrophilic nylon. Based on the pseudo-second-order model,
the amount of adsorbed phenanthrene equaled 147.1 ug/g on PE rope,
and 135.1 pg/g on nylon rope (Wang et al., 2018). Fries and Zarfl (2012)
investigated adsorption capacity of selected PAHs (acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene and fluoranthene)
by low and high density PE. LDPE showed higher diffusivity and shorter
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equilibrium time compared to HDPE, which means that, LDPE may be
considered as more hazardous in the environment and be a better carrier
for PAHs than HDPE (Fries and Zarfl, 2012). S¢rensen et al. (2020) have
confirmed that beside the type and size of plastic particles, temperature
and salinity of water may affect the sorption capacity of PAHs. In this
work, the authors studied the sorption kinetics of two model PAHs
(fluoranthene and phenanthrene) to PE particles (microbeads with mean
diameters from 10 to 200 um) in natural seawater at 10 and 20 °C.
Additionally, the bioavailability of MPs-sorbed PAHs to marine co-
pepods was investigated. Results indicated that adsorption dominated at
lower temperatures and for smaller MPs (10 um). The authors did not
observe the accumulation of PAHs from plastics by copepods and
concluded that free dissolved PAHs are only significantly bioavailable to
organisms tested (Sgrensen et al., 2020).

Polychlorinated biphenyls (PCBs) are the other very common group
of organic contaminants. PCB were used in various commercial appli-
cations and it has been confirmed (Camacho et al., 2019; Frias et al.,
2010; Hirai et al., 2011; Mizukawa et al., 2013; Rochman et al., 2013)
that may be adsorbed by different kinds of plastics. Rochman et al.
(2013) investigated the possibility of 27 PCBs adsorption on HDPE,
LDPE and PVC over 12 months. During this long-term field experiment,
sorption rates and concentrations of PCBs varied significantly among
plastic types. Similarly like PAHs, PCBs were more efficiently adsorbed
on HDPE and LDPE than on PVC (Rochman et al., 2013), however PVC
reached equilibrium in the marine environment much faster than LDPE
and HDPE. The authors concluded that products made from HDPE, or
LDPE pose a greater risk than products made from PVC.

Besides very popular in environmental PAHs and PCBs, other
emerging contaminants may adsorb on polymers. Razanajatovo et al.
(2018) investigated the adsorption of three pharmaceuticals (sulfa-
methoxazole (SMX), propranolol (PRP) and sertraline (SER)) on PE
microplastics in water. After 96 h of the experiment, the highest
adsorption capacity was observed for SER (26.6%), slightly smaller for
PRP (21.6%) and the lowest for SMX (15.3%). The hydrophobic in-
teractions between polymers and pharmaceuticals were the main pro-
cess responsible for adsorption. The authors also pointed out that the
electrostatic interactions may affect SER, PRP and SMX adsorption by
PE. Authors (Razanajatovo et al., 2018) proved that the SMX adsorption
on PE microparticles is irreversible, while the PRP and SER adsorption
may be reversible from the PE. In other research, carried out by Wu et al.
(2016), the adsorption capacity of PE debris to carbamazepine (CBZ),
triclosan (TCS), and 17a-ethinyl estradiol (EE2) was determined. The
main role in the pharmaceutical adsorption (irrespective of the kind of
pharmaceuticals), played hydrophobic interactions between pharma-
ceuticals and PE particles. The changes in water salinity (from 0.05% to
3.5%) have enhanced the adsorption capacity of PE regarding TCS,
while in case of CBZ and EE2, salinity did not affect the adsorption
process. Additionally, the decrease of EE2 and TCS adsorption on PE
debris was noted with increase of dissolved organic matter content in the
solution (Wu et al.,, 2016). The adsorption of commonly used
non-steroidal anti-inflammatory drugs (NSAIDs): naproxen (NPX),
diclofenac (DFC) and ibuprofen (IBU) on two types of PE: ultra-high
molecular weight polyethylene (UHMWPE), and average molecular
weight medium density polyethylene (AMWPE) was examined by Eliz-
alde-Velazquez et al. (2020). The adsorption capacity was pH-depended.
The adsorption of NAP, DFC and IBU was very slight under fresh water
conditions (pH 6.9) and synthetic water conditions (pH 8.1. and 10.0).
At pH 2.0 all pharmaceuticals were efficiently adsorbed on PE, mainly
due to hydrophobic interactions (Elizalde-Velazquez et al., 2020).
Among the examined compounds, DFC exhibited the highest, while NPX
the lowest adsorption capacity to PE (Elizalde-Velazquez et al., 2020). In
the work of Li et al. (2018) the possibility of 5 antibiotics adsorption on
PE and PVC was examined. The following antibiotics were used: sulfa-
diazine (SDZ), amoxicillin (AMX), tetracycline (TC), ciprofloxacin (CIP),
and trimethoprim (TMP). Amount of adsorbed antibiotics generally
decreased in the following order: CIP > AMX > TMP > SDZ > TC. In
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the freshwater investigated antibiotics exhibited higher adsorption af-
finity to plastics than in seawater (Li et al., 2018). Adsorption capacity of
levofloxacin (OFL) on PVC was determined by Yu et al. (2020). Based
the Langmuir isotherm model, adsorption capacity of PVC was calcu-
lated to be about 2.5 mg/g at the temperature of 25 °C. Subsequently,
the effect of Cu(Il), Zn(II), Cr(III), Cd(II) and Pb(II) on the adsorption of
OFL by PVC was investigated. The presence of Cd(II) and Pb(II) inhibited
adsorption of OFL, while Cu(Il), Zn(II) and Cr(III) significantly promoted
this process (Yu et al., 2020).

The adsorption of two organophosphate esters (tri-n-butyl phosphate
(TnBP) and tris(2-chloroethyl) phosphate (TCEP)) commonly used as
flame retardants in plastic products on PE and PVC was investigated by
Chen et al. (2019a). The adsorption capacity was dependent on the size
of plastic particles and plastic type. TnBP and TCEP less efficiently
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adsorbed with increasing of PE and PVC particles size which was con-
nected with decrease of the surface area of the polymers. PVC was more
efficient in TCEP adsorption than PE while PVC was less effective in
TnBP adsorption than PE (Table 5). Authors suggested that adsorption
process of both compounds (TnBP and TCEP) was dominated by
pore-filling mechanism in the adsorption process on PVC MPs, while
monolayer coverage was the predominant mechanism for PE MPs (Chen
et al., 2019a).

Wang et al. (2020e) proved that commonly used in vegetable farm-
land pesticides like carbendazim (CAR), dipterex (DIP), diflubenzuron
(DIF), malathion (MAL) and difenoconazole (DIFE) can be adsorbed
onto PE agricultural soil film. According to the authors, hydrophobic
interactions between PE and pesticides were the main mechanism
involved in the adsorption and the process was very fast as the

Table 5
The adsorption capacity of selected heavy metals and organic pollutants on PE and PVC.
Chemical group Sorbate Adsorbent Conditions Adsorption Ref.
capacity (ug/g)
Heavy metals Ccd LDPE microbeads Artificial seawater, 96 h 10.1° (Zon et al., 2020)
Cr LDPE microbeads Artificial seawater, 180 h 1.7° (Zon et al., 2018)
PE beads pH 5, shaken in 25 °C, 12 h 1360 (Zhang et al., 2020b)
Cu PE MPs 0.01 mol/L NaNOs, shaken in dark, 25 °C 31.2° (Wang et al., 2021)
42.6"
Ccd PE MPs Filtered seawater, 72 h, 22 °C <0.8¢ (Besson et al., 2020)
Cs <0.8¢
Zn <0.8°
PAHs Phenanthrene LDPE from Ultrapure water (with < 0.1% of methanol), shaken 146.4" (Wang et al., 2018)
mariculture farm orbitally at 150 rpm, 25.0 °C, 48 h 147.1¢
PE 25 mg/L NaN3, < 0.2% of methanol, orbital shaking  138.4" (Wang and Wang,
of 200 rpm in the dark, 20 °C 159.5° 2018)
69.8"
PVC 93.5°
Pharmaceuticals Sulfamethoxazole (SMX)  PE 0.01 M CaCl, and 0.02% (wt/vol) 45.4" (Razanajatovo et al.,
46.1° 2018)
Propranolol (PRP) NaN3 24 °C, 96 h 60.4"
64.4°
Sertraline (SER) 81.6"
88.8°
Amoxicillin (AMX) PE Ultrapure water, 25 °C, shaking speed of 180 rpm, 4 131" (Li et al., 2018)
PVC d 523"
Ciprofloxacin (CIP) PE 200°
PVC 453°
Trimethoprim (TMP) PE 154"
PVC 481°
Levofloxacin PVC 25 °C, shaking speed of 150 rpm, 216 h 290" (Yu et al., 2020)
1740°
Organophosphate tri-n-butyl phosphate PE Seawater, 18 °C, 24 h, particles size 0.01-0.1 mm 1.6 (Chen et al., 2019a)
esters PVC 0.6
tris (2-chloroethyl) PE 0.6
phosphate PVC 1.2
Pesticides Carbendazim (CAR) PE pH 3.85, shaking 180 rpm, 25 °C 10.6° (Wang et al., 2020e)
4.4
Dipterex (DIP) 3.2¢
2.9b
Diflubenzuron (DIF) 76.7°
74.1"
Malathion (MAL) 19.1°¢
25.9°
Difenoconazole (DIFE) 51.6°
273.2"
Odors Tonalide PE Simulated seawater (3.5% NaCl solution), 20 °C, 0.9¢ (Dong et al., 2019)
PVC 10h 1.5°
Musk xylene PE 0.9°
PvC 0.9°
Galaxolide PE 1.0°
PVC 1.6°
Musk ketone PE 0.7¢
PVC 1.6°

@ Pseudo first order model.

b Langmuir model.

¢ In the presence of 5 mg/L tetracycline.
4 Value in %.

¢ Pseudo second order model.
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adsorption equilibrium was reached in 2 h. The adsorption capacity of
investigated pesticides slightly increases with increase of temperature
and equal from about 10 pg/g for CAR to 80 pg/g for DIF (Table 5)
(Wang et al., 2020e). The adsorption capacity of virgin HDPE MPs
regarding to a 8 pesticides (epoxiconazole, tebuconazole, myclobutanil,
azoxystrobin, simazine, terbuthylazine, atrazine and metolachlor) was
examined by Wang et al. (2020c) during 21 days of exposure. The
adsorption ranged from 61 to 963 ng/g. HDPE MPs exposed higher
adsorption capacity for epoxiconazole, tebuconazole, myclobutanil,
terbuthylazine, and metolachlor ranging from 427 to 963 ng/g. The
lowest affinity to HDPE MPs was observed for simazine (61 ng/g).
Additionally, the presence of PE in the system decreased the pesticides
degradation, increasing their persistence in the aquatic environment
(Wang et al., 2020c).

Dong et al. (2019) investigated the adsorption capacity of PE and
PVC to musk odors (MO): tonalide (AHTN), musk xylene (MX), galax-
olide (HHCB), and musk ketone (MK). These synthetic compounds are
commonly implemented in cosmetics, perfumes and other daily used
chemicals. The experiments were performed in simulated seawater. The
equilibrium adsorption capacity of MO was higher for PVC than PE.
Authors of the work suggested that the difference results from the pore
volume and specific surface area of polymers, which are larger for PVC
than PE. Additionally, the influence of temperature on the adsorption
capacity was investigated. Increasing of the temperature from 15° to
25°C resulted in improving the adsorption process. However, tempera-
ture increased above 25 °C deteriorated adsorption, as a result of
desorption, which may have affected the adsorption process. The in-
crease of NaCl content (up to 14%) in the background solution promoted
adsorption of all compound tested. Presumably, the increase in NaCl
concentration decreases the solubility of MO, which decreases the dis-
solved organic mass and results in the increase of the adsorption ca-
pacity (Dong et al., 2019). In Table 5, the adsorption capacities of
selected organic pollutants are presented.

It has been showed above that polymeric materials of which the
gloves are made (PE and PVC) may adsorb both heavy metals and
organic substances, including persistent organic pollutants (Bakir et al.,
2014). Unfortunately, no data has referred to DPGs and to other mate-
rials used in DPGs production (latex or nitrile rubber). The pristine
materials usually used for adsorption capacity investigation may not
contain specific additives (e.g. plasticizers, stabilizers, antioxidants and
antimicrobial), which are used in gloves production. Presence of addi-
tives may increase the number of functional groups on the plastic surface
and/or change hydrophilicity/hydrophobicity of plastics and in a
consequence affect adsorption capacity. Lack of consideration of the
functional groups potentially present on the surface of gloves during
sorption capacity evaluation may lead to overestimating or under-
estimating the adsorption capacity of gloves. Therefore, it should be
investigated if produced DPGs has adsorptive properties in natural
conditions and how that properties change in relation to pristine poly-
mers. Numerous experiments were carried out in laboratory environ-
ments, which may not be enough for reliable risk assessment. For
instance, Magadini et al. (2020) suggest that the predominant factor
influenced on adsorption capacity is rapid biofouling of plastics. Bio-
films creation may significantly impact the pharmaceuticals adsorption
on plastics (Magadini et al., 2020). Biofouling may alter polarity of
plastic from hydrophobic to strong hydrophilic, which also changes their
adsorptive properties and may facilitate pollutants transport (Van Mel-
kebeke et al., 2020). Additionally, water salinity may affect the
adsorption process, enhancing interactions between plastics and pol-
lutants and increasing the potential of contaminants transported by
plastics (Dong et al., 2019; Sgrensen et al., 2020). Adsorptive properties
of particular plastics and their settling in the environment may lead to
accumulation of pollutants on their surface. This phenomenon was
confirmed in several studies (Camacho et al., 2019; Fisner et al., 2013;
Frias et al., 2010; Hirai et al., 2011; Karapanagioti et al., 2010; Wang
et al., 2019a) through the collection of plastics debris and detection of
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the contaminants.

PE pellets were collected from sandy beaches of two locations in
Saronikos Gulf to investigate the amount of PAHs adsorbed in real
conditions. Extracted with hexane pellet released significant amount of
PAHs (phenanthrene, anthracene, fluoranthene, pyrene, benzo[b] fluo-
ranthene, benzo[a]pyrene). The concentration of desorbed PAHs varied
between about 3 ng/g of benzo[a]pyrene to 86 ng/g of fluoranthene,
which is the evidence of water pollution and accumulative properties of
PE (Karapanagioti et al., 2010). Marine plastics (95% of plastics made of
PE) examined by Camacho et al. (2019) contained PAHs (the sum of 16
US EPA PAHs) at the level of 52.1-17,023.6 ng/g for pooled pellets and
35.1-8725.8 ng/g for fragments. Concentration of 16 PAHs in extracts
of PE microplastics collected from beaches of the Portuguese coasts was
also determined by Frias et al. (2010). It has been noted that the highest
concentration of adsorbed PAHs were pyrene, phenanthrene, chrysene
and fluoranthene (Frias et al., 2010). The content of PAHs in all samples
of plastic debris (made of PE and PP) collected from open ocean, remote
and urbanized beaches was quantified by Hirai et al. (2011). The sum of
16 US EPA PAHs concentrations have ranged from 1 to 9300 ng/g, while
those plastics originated from urbanized areas contained the highest
amount of PAHs, which is associated with higher risk in urban beaches
(Hirai et al., 2011). The sum of 16 PAHs adsorbed on PE originated from
Feilaixia Reservoir (Guangdong Province, China) was determined in the
work of Tan et al. (2019). The total concentration of PAHs on PE
microplastics reached 364.2 ng/g, while the highest content was noted
for chrysene (65.0 ng/g) and benzo[ghi]perylene (47.6 ng/g) (Tan
et al., 2019). The total concentration of 33 quantified PAH species on PE
pellet originated from 9 beaches of Portuguese coast determined by
Mizukawa et al. (2013) ranged from 50 to 24,000 ng/g (Mizukawa et al.,
2013). The dependence of PAHs concentration in plastic debris on the
depth of the plastics occurrence (from 0 to 100 cm) in a sandy beach was
analyzed by Fisner et al. (2013). The EPA PAHs, as well as
alkyl-substituted PAHs, biphenyl, retene, benzo[c]phenanthrene, benzo
[jIfluoranthene, benzo[e]pyrene, perylene, and benzo[b]chrysene were
investigated. The concentration of contaminants differs and the highest
was noted in the surface layer (Fisner et al., 2013).

The possibility of PCBs accumulation on PE MPs was confirmed
based on determination of 17 PCBs in PE pellets collected from coast.
The total content of PCBs equaled about 50 ng/g (Frias et al., 2010).
PCBs were also determined in PE microplastic (pellets and fragments)
collected from beaches. Their concentration ranged from 0.9 to 2285.8
and from 1.6 to 772.5ng/g for pellets and fragments, respectively
(Camacho et al., 2019). Plastic pellets from the Portuguese coast were
also analyzed in terms of adsorbed PCBs amount by Muzukawa et al.
(2013). Determined content of 13 PCBs ranged from 10 to 310 ng/g
(Mizukawa et al., 2013). Plastic debris from marine environments made
of PE was extracted and the amount of PCBs was quantified. The sum of
PCBs ranged from 1 to 436 ng/g depending on the pellet origin (Hirai
et al., 2011).

11 organophosphorus flame retardants (2-ethylhexyldiphenyl phos-
phate, tri (2-ethylhexyl)) phosphate, tributylphosphate, triethylphos-
phate, triisobutylphosphate, triphenylphosphate, tris ((2-chloro-1
chloromethyl)ethyl) phosphate, tris (2-butoxyethyl) phosphate, tris (2-
chloroethyl) phosphate, tris (2-chloroisopropyl) phosphate, and tricre-
syl phosphate were determined in plastics debris (pellets and fragments)
originated from Canary Islands beaches. More polluted pellets were
from urbanized beach. The total content of organophosphorus flame
retardants ranged from 20.0 to 378.0 ng/g for pellets and from 22.6 to
7013.9 ng/g for fragments (Camacho et al., 2019).

4.3. Degradation (aging) of glove’s materials

The increased risk of the plastic release to the environment can be
associated with changes of the material properties as a result of the
degradation process (aging). The environmental conditions affect plas-
tics structure causing their degradation, decomposition or disintegration
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into smaller particles becoming micro- and even nano-plastics (Yu et al.,
2019). The degradation of plastics is a result of breakage of large chains
to shorter ones with a lower molecular weight. Additionally, the mois-
ture and water chemistry, oxygen or/and UV light may change chemical
structure of these materials, while microorganisms contribute to loss of
the plastics mass and metabolize it (Lear et al., 2021; Singh and Sharma,
2008). It has been shown earlier that the large specific surface area of
degraded polymeric materials has a strong ability to adsorb pollutants
(Hiiffer and Hofmann, 2016; Munier and Bendell, 2018). All processes
changing the structure of plastics in the environment may influence
their properties: adsorption capacity and a type of substances, which
may be released from the plastic (Fig. 6) (Miiller et al., 2018; Wang et al.,
2020b).

The degradation process of rubber is very slow in environmental
conditions. Studies carried out by Gillen et al. (1996) suggest that
elastomers (including nitrile rubber) may be degraded for several dozen
of years. The degradation process of natural latex under various condi-
tions (thermal, chemical, photochemical and others methods) was
investigated by Ibrahim et al. (2016) and Fainleib et al. (2013). During
the processes, chain breaking leaves different end groups depending on
the degradation process and properties of the latex (e.g. additives used).
The degradation leads to produce liquid natural rubber with various,
mostly reactive functional groups such as carbonyl, hydrazine and hy-
droxyl, depending on the type of reagent used in a chemical method
(degradation performed using sodium nitrite or hydrogen peroxide)
(Ibrahim et al., 2014). Literature data reveal that thermal degradation of
nitrile butadiene rubber (NBR) is a complex process, which affects
physical properties of the material. Thermal aging leads to loss or
migration of additives and fillers, extra crosslinking and chains oxida-
tion results in loss of elastic properties and softening (Liu et al., 2016;
Zaghdoudi et al., 2019). Liu et al. (2016) have performed accelerated
thermal aging of nitrile-butadiene rubber using an air-circulating oven
at a temperature of 65 °C for 90 days. Exposure of NBR on increased
temperature has caused significant and inhomogeneous damages of the
material surface. During the aging process, oxidation occurs on the NBR
surface and extends to the inner structure. Additionally, on the surface
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hydroxyl groups were formed and additives migrated from inside of the
NBR. These changes significantly influence both mechanical and
chemical properties (Liu et al., 2016). Changes in mechanical properties
of aged NBR was also tested by Hernandez et al. (2018). Accelerated
thermal aging was performed for up to 168 h at 100 °C. The degradation
process has worsened mechanical properties of NBR (tear and tensile
strength and elongation at break) (Hernandez et al., 2018). In the
literature, no available data regards changes of morphology and chem-
ical properties of aged nitrile DPGs.

Polymers such as PVC or PE characterizes persistence and low de-
gradability (Padervand et al., 2020). Chamas et al. (2020) estimated that
a half-live (conversion of the 50% of the polymer mass) of PE may be
from 4.6 (for low density PE) to even 5000 years (for high density PE). It
is estimated that lifespan of PVC, used for industrial and consumer ap-
plications can be from 50 to 100 years (Boyle et al., 2020). The degra-
dation of PE leads to the formation of low molecular weight fragments
(alcohols, aldehydes, ketones and carboxylic acids). Additionally,
numerous hydrocarbons may be formed (e.g. ethane, ethene, propane,
propene or butene) (Gewert et al., 2015). Changes in morphology and
chemical properties of aged PVC was investigated by Tang et al. (2018).
As a result of heat, solar radiation and ultraviolet B action in a simulated
aquatic environment the increased presence of functional groups on the
PVC surface were confirmed. FTIR spectra have revealed that the
degradation process led to formation of C°C bonds, ester carbonyl
(—COO0-) and carboxylic (-COOH) groups. Furthermore, it is suggested
that polymer irritation leads to dehydrochlorination and photooxida-
tion. Surface area and pore volume also differ in relation to virgin PVC
(Tang et al., 2018).

Degradation of plastics under various conditions causes changes in
morphology of the material and their composition due to thermal, hy-
drolytic, photo-oxidative processes and degrading by microbes taking
place in the environment. Changes in the structure of plastics may affect
releasing of chemicals. Lomonaco et al. (2020) have investigated
changes in volatile organic compounds (VOCs) released from pristine
and aged plastics (LDPE and HDPE). Artificial aging was performed
under exposure of xenon lamp radiation in temperature of 40 °C up to 4
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Fig. 6. The impact of environmental conditions on gloves materials.
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weeks. Selected VOCs (24 compounds) with different functional groups
and 27 other VOCs were determined before and after 1, 2, 3, and 4 weeks
of accelerated aging. Performed experiments proved increasing release
of ketones, lactones, esters, carboxylic acids, alcohols, ethers and total
oxygenated VOCs from HDPE and LDPE with the aging time extension.
Authors of the work have supported the hypothesis that microplastics
represent an unrecognized source of environmental pollution (Lomo-
naco et al., 2020). The efficiency of VOCs emission from plastics
including PVC and PE during thermal degradation was investigated by
Noguchi and Yamasaki (2020). They proved emission of different
aliphatic and aromatic hydrocarbons, oxygenated hydrocarbons, and
additives. At temperature 50 °C PVC releases the highest amount of
additives in comparison to the other plastics and it mainly emitted
DEHP, triphenylphosphine (TPP), phenol, 2-ethylhexanol, and octade-
cene (Noguchi and Yamasaki, 2020).

Another effect, which can be a result of the aging process, is changes
in adsorption capacity of plastics. As it was mentioned before, plastics
may have the ability to bond different organic and inorganic contami-
nants. The binding efficiency depends on plastic properties (Bolan et al.,
2020). If these properties change, the adsorption capacity of plastics also
will change. Huang et al. (2020c) using pristine and aged LDPE observed
that both plastics are able to adsorb heavy metals (Cu, Fe, Pb, Mn and
Zn) on its surface. However aged LDPE had shown about 5-fold higher
adsorptive properties than pristine LDPE. Aging processes have caused
an increase of LDPE surface area, oxygen containing functional groups
and hydrophilicity (Huang et al., 2020c), which affected sorption ca-
pacity of this polymer. Changes in adsorptive properties of Ag on pris-
tine and aged microplastic originated from a common cosmetic product
(body scrub), made of PE was evaluated by Kalcikova et al. (2020). Both
adsorption and desorption was more efficient for aged microplastics
(with the developed biofilm on the PE surface). After 7 days of
adsorption experiment, the amount of adsorbed Ag was 3.51 and
2.44 mg/g for aged and pristine microplastics, respectively. Subse-
quently, after 168 h of that materials leaching into Steinberg medium
(used for the cultivation of freshwater duckweeds), 30% of adsorbed Ag
leached to medium from pristine microplastics, while aged microplastic
desorbed 71% of Ag. Ecotoxicological tests carried out with duckweed
(L. minor) revealed that pristine and aged PE MPs with adsorbed Ag
affects the root cell viability and the root length of duckweed. Aged
plastics more efficiently adsorbed Ag, which was more accessible. The
formation of biofilm as a result of plastic aging changed the ecotoxico-
logical potential of the material (Kalcikova et al., 2020). Based on ex-
periments of Cu(Il) adsorption, Yang et al. (2019) suggests that UV aging
changes adsorption properties of microplastics due to the change of
carboxyl index. The carboxyl index of UV-aged polyamide (PA)
decreased in comparison to pristine PA, which affected at the same time
the decrease of Cu adsorption. However, the carboxyl index of poly-
methyl methacrylate (PMMA) increased and the PMMA adsorption ca-
pacity of Cu also increased. Wang et al. (2021) exposed PE MPs on
various environmental factors (obtaining specified aged materials): air
(A-PE-MPs), water (W-PE-MPs) and soil (S-PE-MPs) and tested the
adsorption capacity of that materials regarding to Cu(II) adsorption in
comparison to pristine material. The calculated adsorption capacity of
PE MPs based on the Langmuir model increased from 31.2 ug/g to 183,
to 108 and to 318 ug/g for A-PE-MPs, W-PE-MPs and S-PE-MPs,
respectively. The formation of C-O, H-O and C~O groups on the surface
of environment-exposed PE MPs were demonstrated by XPS spectra. The
further studies indicated complexation between Cu(ll) and
oxygen-containing functional groups, which was responsible for the
increasing Cu(Il) adsorption efficiency. Additionally, the settling of PE
MPs in water and soil caused the biofilms formations on their surface.
The occurrence of microorganisms on the plastic surface may enhance
the adsorption effectiveness due to the complexation and electrostatic
interactions between metal ions and bacterial extracellular polymeric
substances (Comte et al., 2008). The concentration of Zn, Cu, Cd and Pb
may differ between pristine and aged plastics (Munier and Bendell,
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2018). In the work of Munier and Bendell (2018) pristine plastics were
purchased from hardware stores, while aged samples of PVC and LDPE
were collected from several beaches. Differences between content of Cd,
Cu, Pb and Zn were evaluated. It was noted that pristine LDPE contained
higher content of Cd, Cu, Pb and Zn compared to aged LDPE, however
the aged PVC was abundant in all metals compared to pristine PVC. It
may suggest that the aging of PVC significantly changes the adsorption
capacity of this polymer especially Cu, Pb and Zn (from about
100-7000 times higher amount of metal in aged PVC) (Munier and
Bendell, 2018). The authors suggested that the change of PVC capacity
to particular metals during aging may be related to electrostatic forces
created between C, Al, Cl, Ca and O (attached to PVC or exposed as a
result of aging) and Pb(II) ions. Boyle et al. (2020) have proved that
fragmentation of PVC resulting from the PVC’s aging may lead to
releasing of increased concentration of Pb to the environment and in-
crease exposure on this element in aquatic life (Boyle et al., 2020).

The adsorption capacity of plastics to PAHs may be also affected by
plastic aging. For example, Li et al. (2020) revealed that UV aging of
HDPE MPs (UV-MPs) slightly enhanced 16 US EPA PAHs adsorption (log
Knyps ranged from 3.80 to 4.95, while log Kyy.vps ranged from 3.71 to
4.98). The process of HDPE etching with chromic acid, simulating the
natural oxidation also significantly altered MPs adsorption properties.
For etched-MPs (both unfollowed (EMPs) and followed with UV aging
(UV-EMPs)), adsorption capacity was higher than on the pristine MPs
(log Kgwmps in the range of 3.85-5.18 and log Kyy.gmps in the range of
3.90-5.28). Aged MPs characterizes higher specific surface area, pore
volume and higher content of oxygen-containing groups in comparison
to pristine MPs. According to authors, the mechanism of PAHs adsorp-
tion to MPs is based on partioning, while interactions between PAHs and
EMPs or UV-EMPs are based on hydrogen bonding and n-n interactions
(Li et al., 2020). Liu et al. (2019b) to simulate long-term aging of HDPE
in water exposed this material on K»S20g and Fenton reagents for 30
days. Adsorptive properties of HDPE to ciprofloxacin (CIP, hydrophilic
antibiotic) were examined. The meaningful enhancement of CIP
adsorption by aged HDPE compared to pristine HDPE was observed (Liu
et al., 2019b). Authors observed significant relationships between O/C
ratio and adsorption capacity. The introduction of oxygen-containing
groups and as a consequence increase of hydrophilicity and polarity of
the material facilitates interactions between CIP and MPs (Liu et al.,
2019b). Similarly, aged (in UV light for 96 h) PVC more efficiently ad-
sorbs CIP than pristine PVC. The ability of CIP adsorption was about
20% higher on aged PVC (Liu et al., 2019a). In the case of pesticides
adsorption, the aging process of PE microplastics had no significant ef-
fects (Wang et al., 2020c).

5. Future risk and challenges

Production of plastics in Europe in 2018 equaled 56.1 millions of
tones and 4.9 millions of tones materials obtained from recycling
(Tworzywa sztuczne w obiegu zamknigtym Analiza sytuacji w Europie,
2020). Despite increasing recycling, a large part of total plastic wastes
gets to landfills. The unexpected appearance of the virus SARS-CoV-2
infections causing COVID-19 has contributed to make a new source of
environmental pollution — PPE such as gloves, masks and coveralls.
Besides the benefits resulting from gloves usage, which are the most PPE
used by the community, the increased usage of plastics and rubbers,
from which gloves are made, and their release to water and soil may
have adverse effects on the environment. Furthermore, in a long-term
perspective, it may pose a threat to living organisms including humans.

The influence of external conditions such as sunlight, temperature,
moisture, settling in soil and water on DPGs contributes to material
degradation mainly cracking, fracturing and in a consequence create
small particles called meso- and microplastics (Giacomucci et al., 2019).
These small parts can release or accumulate contaminants and migrate
over long distances and transfer through the food chain (Wang et al.,
2020c). Over time, properties of materials may change and the new
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functional groups may create as a result of external conditions. Possi-
bility of long-term settling and degradation process extends the time of
effecting on the environment. Due to this fact it should be considered to
use easier degradable materials for DPGs productions (Misman and
Azura, 2014). Additionally, it requires consideration of the need of such
popular usage of DPGs in the case of future unpredictable pandemic
appearance. The introduction of precautionary measures should not
have serious environmental consequences.

The occurrence of plastics in the environment has wide negative
effects on living organisms. Currently, additives leached from plastics
are present in the environment (Sackaria and Elango, 2020; Schmidt
et al., 2020). Beside the additives with toxic effects, which can be
released and get to water or soil, microplastics can be ingested for
instance by marine species and release toxins directly into the body
(Alomar et al., 2017; Du et al., 2020; Koongolla et al., 2020; Ozturk and
Altinok, 2020). Highly prone to pollutants accumulation are marine
animals (Huang et al., 2020a). Plastic additives can also transfer to
beverages from plastic packages (Gomez Ramos et al., 2019; Pelegrin
et al.,, 2020). Numerous literature data report the presence of toxic
chemicals in plastic food contact products (Ayamba et al., 2018; Qian
et al., 2018) and beverages (Tian et al., 2020). Unfortunately, pregnant
women (Zeman et al., 2013) and newborns (Socas-Rodriguez et al.,
2018) are also exposed to plastics additives, which may pose a great
danger. Adsorptive effects of microplastics allow to introduce more
hazardous pollutants into the body of marine organisms and in a
consequence with food to the human body. Based on the determined
adsorption capacities of microplastics to PAHs, Sharma et al. (2020)
suspect that the amount of PAHs adsorbed by microplastics in the water
environment may be high enough to pose a cancer threat for human
beings. Despite the fact that any microplastics were detected in gastro-
intestinal tract of commercial fish (Lepidopus caudatus), a high amount
of phthalates, especially DIDP, DEHP, bis-benzyl ester phthalate,
bis-butyl ester phthalate, mono-N-butyl ester phthalate and heavy
metals in different tissues was determined (Salvaggio et al., 2019).

Due to the ecological detriment caused by polymeric materials it is
recommended to limit their use and replacement by biodegradable
materials (Panchal and Vasava, 2020). The pandemic COVID-19 has
contributed to creation of another source of pollution — DPGs. The
current possible risk for environment should be considered in detail: (1)
how the increased DPGs use during pandemic will affect the emissions of
various artificial substances into the environment and in combination
with survey how much of these substances may be released into the
environment locally and globally (in terms of country) (3) what effect
the substances released from fresh and aged gloves will have on living
organisms and what kind of compounds will be responsible for harmful
effects (it may stimulate in the future consider use of more safe sub-
stances for gloves production) (4) how stimulated and natural envi-
ronmental process may affect distribution of contaminants,
bioavailability and their transport in the environment.

6. Conclusions

This work summarizes environmental effects which may occur as a
result of increased disposable protective gloves usage and discarding
during pandemic COVID-19. The main risk arising due to the fact that
plastics materials are applied for gloves production. These materials can
be directly ingested by organisms and/or release pollutants to the
environment. As it was proved, these contaminants (both heavy metals
and organic chemicals) accumulate in the tissues and organs and indi-
cate various disorders and pose a threat to animals and human beings.
That risk can be enhanced by pollutants adsorption on plastics, which
may act as a pollutants carrier. As a conclusion it has been considered if
ordering of DPGs usage should be introduced and that kind of protection
will not have more far-reaching consequences for the environment and
living organisms.
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