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Recently the research concern, the environmental toxicity associated with 6PPD (N-(1,3-dimethylbutyl)-N'-
phenyl-p-phenylenediamine) and its by-products due to tyre wear. In the tyre manufacturing process,
6PPD is added to increase the durability of the tyre. 6PPD-Q (N-(1,3-dimethylbutyl)-N'-phenyl-p-
phenylenediamine-quinone) due to tyre wear and is emitted along with road particles into the air,
resulting in a severe impact on the environment. It has been found that 6PPD increases the mortality
rate of silver salmon, an aquatic fauna having rich omega-3 fatty acid content and many essential
nutrients. Further, this 6PPD-quinone affects higher organisms by entering the aquatic food chain.
Hence, this bioaccumulation severely affects the top predators, including humans. The scientific and
regulatory bodies are working hard to find a safer alternative to 6PPD to eradicate the environmental
pollution due to 6PPD-Q, a degradation product of 6PPD. The current review article addresses the
various approaches to reducing 6PPD release in the environment, removing the existing 6PPD from the
surrounding environment, and finding a safer alternative to 6PPD to increase the tyre lifetime.
Remediation strategies involve potential substitutes for 6PPD and 6PPD-Q, including alternative PPDs
such as IPPD, DPPD, 7PPD, and CCPD, as well as non-PPD options like specialized graphene, octyl

gallate, lignin, and nano-calcium carbonate modified with gallic acid. These candidates offer protection
Received 23rd August 2025 inst idati d hil intaining ti . d safetv. In additi th )
Accepted 4th December 2025 against ozone, oxidation, and wear while maintaining tire performance and safety. In addition, the review
provides details on potential alternatives and the mechanisms through which they protect the

DOI: 10.1039/d5ra06263b environment. The existing knowledge gaps and directing researchers in establishing research in the

rsc.li/rsc-advances various fields to protect against this kind of pollution.

processing of rubber, 6PPD is added to its surface to scavenge the
ozone, thereby reducing its activity on the double bonds in the

Introduction

The tyre market in India is continuously expanding due to the
growing automotive industry. The continuous demand for
commercial vehicles for the growing population has a direct
impact on increasing the demand for tyres. Initially, in tyre
manufacturing, the oxidative degradation of the rubber was pre-
vented by adding N,N-disubstituted-phenylenediamines, which
are highly reactive towards oxygen. This has resulted in numerous
transformation products entering the air. The research commu-
nity has found that the alternative to this is N-(1,3-dimethylbutyl)-
N'-phenyl-p-phenylenediamine (6PPD), which efficiently reacts
with ozone and is less reactive with molecular oxygen.” During the
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rubber and resulting in the aging of rubber; by this, 6PPD-quinone
protects rubber from ozone-induced degradation.® At the same
time, the lower reactivity of 6PPD with molecular oxygen under
normal atmospheric conditions will effectively contribute to the
long-term protection of rubber from oxidative damage. Thus,
6PPD is used to neutralize ozone, prevent cracks in the rubber, and
extend the lifespan of the tyre.” The fate of 6PPD-quinone involves
mixing with the environment through reversible and non-
reversible transformations.® The existing studies on 6PPD-
quinone in the environment have revealed that it is toxic to
aquatic flora and fauna, and it induces toxicity in mammals
through the food chain. As such, the bioaccumulation of 6PPD
directly and indirectly affects humans. It has been reported that it
is toxic to multiple organs like the liver, lungs, heart, skin, brain
and reproductive organs.® The bioaccumulation factor (BCF) for
6PPD-quinone in fish is characterized as moderate; quantitative
values were limited. For example, 6PPD-quinone in fish is gener-
ally observed to range between 30 and 500 L kg™ ", for example,
8.6 L kg in the brain, and 24 L kg in the gills,** depending on
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exposure to the environment and tissue type.” 6PPD-quinone and
its metabolites have been detected in fish brains and gills shortly
after exposure, and they persist in the tissues, contributing to the
risk of delayed effects and bioaccumulation. The understanding of
the environmental toxicity imposed by 6PPD-Q can help
researchers to find appropriate measures to reduce the risk.*

The current literature shows that 6PPD includes about 107
articles authored by 529 researchers and focuses on the envi-
ronmental distribution of 6PPD and 6PPD-Q.>° Bibliometric
analysis indicates that much research is being conducted with
international collaboration in the field of environmental toxi-
cology. The publication trends have increased enormously; the
annual publication trends from 2020 to 2024 include the
increasing trend of documents released in each year. This
steady increase indicates that there is growing interest in the
field of environmental toxicology. The strong collaborations
with scientific groups are indicative of a multidisciplinary
approach, and the high citation impact of this type of research
is evident in the research output. This wide dissemination of
research and credibility in the environmental toxicology
domain indicate the need for this information in society. The
research data show that this is an emerging research area with
increasing global attention.

Environmental pollution due to 6PPD

6PPD-(N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine) is
a potential toxicant, and it generates new toxicants like 6PPD-
quinone, which increases the mortality rate of coho salmon. It
was estimated that the level of 6PPD-quinone in the environ-
ment was 95 ng L', which could have a toxic effect on coho
salmon (Oncorhynchus kisutch).”> The impacts of 6PPD and
6PPD-Q on coho salmon, starting from the embryonic stage,
have been addressed in a previous report.>* The acute mortality
was not seen in the embryonic stage, but growth inhibition was
observed. After hatching, coho salmon show sensitivity towards
6PPD, and 6PPD-Q shows increased mortality. These dose-
dependent effects are shown in Fig. 1. On a molecular level,
coho salmon exposed to 6PPD and 6PPD-Q show the negative
regulation of genomic pathways by endothelial permeability
and morphology changes. Whole transcriptome sequencing on
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Fig.1 Effects of 6PPD-Q on developing coho salmon. This figure has
been reproduced from ref. 36 with permission from ACS, copyright
202324
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recently hatched organisms shows the potential toxicity
induced by 6PPD-Q.

6PPD, along with tire particles, has been found to be
a significant source of microplastics, and these leach toxic
substances into water bodies and cause water contamination.?
6PPD and 6PPD-Q not only cause harm to fish, but they also
affect flora and fauna in benthic organisms. Exposure to 6PPD-
Q can inhibit the growth and photosynthetic activity of algae,
reducing primary productivity in aquatic ecosystems. It may
also induce oxidative stress and damage cellular membranes,
affecting algal survival. Such impacts on algae can disrupt the
base of the food web, with potential consequences for higher
trophic levels. This effect has repercussions throughout the
food chain, food web, and could potentially change the food
pyramid.”

The exposure of Oncorhynchus mykiss (coho salmon) to 6-PPD-Q
in various environmental media showed a fatal effect. It has been
reported® that two enantiomers of 6PPD-Q, namely, S-6PPD-Q and
R-6PPD-Q, and their racemate, ras-6PPD-Q, on exposure to coho
salmon for 96 hours at a relative concentration, resulted in phys-
iological and pathological changes. The metabolic disturbance
affects the liver by reducing hepatocyte space, changing the
morphology of the nucleus, dilating the endoplasmic reticulum,
and disturbing purine metabolism. Fig. 2 shows the different
forms of 6PPD-Q-induced toxicity and predicts the order of S-
6PPD-Q > ras-6PPDQ > R-6PPD-Q in causing the toxicity effects
of hepatic mitochondrial dysfunction and metabolic disorders,
resulting in oxidative stress and endoplasmic reticular stress. This
induces serious liver injury in the organism. The evidence suggests
that 6PPD-Q affects multiple interconnected pathways. One
primary mechanism involves the generation of reactive oxygen
species (ROS), overwhelming the antioxidant defense system in
the metabolism. This oxidation imbalance results in protein
damage and misfolding, and mitochondrial dysfunction, which
alter the metabolic pathway and result in cell death. In addition,
the accumulation of misfolded protein induces stress and disrupts
endoplasmic reticulum homeostasis. This endoplasmic reticulum
stress impairs calcium signaling and triggers the apoptotic
pathway in aquatic organisms exposed to 6PPD-Q by excessive
accumulation. In addition, 6PPD-Q ends with transcriptional
regulation imbalance due to the involvement of transcription
factors and signaling molecules in the stress response pathway.
This results in the alternation of gene expressions that govern
apoptosis, antioxidant defence and detoxification. This network
interconnection shows the high sensitivity of aquatic species,
particularly fish, to 6PPD-Q exposure.

Health hazards due to the
environmental pollutant 6PPD

6PPD exposure may be common for the workers involved in
manufacturing tires. The inhalation of 6PPD causes sensitizing
effects on the skin and respiratory tract.” The derivatives of
6PPD are considered to be carcinogenic and cause allergic
reactions.” Repeated exposure acts as a respiratory and skin
sensitizer, resulting in irritation of the exposed regions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Different forms of 6-PPDQ-induced toxicity. This figure has been reproduced from ref. 8 with permission from ACS, copyright 2025.

Preliminary studies suggest that 6PPD acts as a potential di-
sruptor for the endocrine system by interfering with the
hormonal balance, which may result in long-term risks."
Chronic exposure to 6PPD-Q disrupts the neuronal homeo-
stasis. Continuous ROS generation alters the synaptic signaling
and impairs neurotransmitter release, thereby affecting the
learning and memory processes. This results in long-term
neurotoxic potential.>* When this quinone compound inter-
acts with hormones, it could result in impaired reproduction,
developmental abnormalities, and sometimes antagonizes the
hormone activity and affects fertility, growth, and metabolism.
6PPD toxicity has a strong association with oxidative stress and
neurodegeneration, underscoring the urgent need for bi-
omonitoring to assess chronic risks.

Remediation methods

The environmental and ecological toxicity of 6PPD and its
transformation product, 6PPD-Q, can be addressed by several
remediation methods. This remediation involves preventive
measures and active transport techniques. Granular activated
carbon (GAC) has the inherent capacity to absorb organic
pollutants, including 6PPD and its derivatives. This trapping
prevents the entry of 6PPD into the environment." Biochar is
a type of charcoal used in water purification, which can also
absorb 6PPD and its derivatives; the large surface area of bi-
ochar favours its absorption and prevents its entry into water
bodies." Sand filtration using modified media with manganese,

© 2026 The Author(s). Published by the Royal Society of Chemistry

iron, and reactive materials has the capacity to trap and degrade
6PPD and its derivatives in stormwater."* Constructing
a wetland system with microbial communities enhances the
biodegradation of 6PPD and 6PPD-Q through natural decom-
position pathways. Identifying and growing more plants that
have the potential to take up and metabolize 6PPD and its
derivative can help to reduce 6PPD pollution.” The advanced
oxidation methods using ozone, UV/hydrogen peroxide, or
Fenton reactions generate reactive oxygen species such as
hydroxyl radicals that can break down 6PPD-Q and degrade it in
water. Electrochemical oxidation uses an electrical current to
degrade 6PPD.*® The incorporation of specific enzymes, such as
oxido-reductase, in water treatment is used to target and
degrade 6PPD and its derivatives."”

There have been previous reviews on the sources of 6PPD
and the fate of its transformation product, 6PPD-Q, in the
aquatic system,® which have covered the toxic effects of 6PPD
and its transformed product, 6PPD-Q, on the environment;*® the
synthesis, transformation, bioavailability, and potential
hazards of tyre-derived pollutants;' and the toxicological
mechanisms of 6PPD and 6PPDQ.** The consequences of the
degradation product of 6PPD with ozone and its detrimental
effects on the environment were also discussed,*® along with the
acute lethality in coho salmon by 6PPD-Q.** The current state
and knowledge of 6PPDQ production and health risks due to its
bioaccumulation were investigated,*® as well as the effects of
6PPD-Q on the aquatic environment.”” The effects of 6PPD-Q on
human health and the exposure routes were discussed with
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predicted samples.* The lethal concentration of 6PPD-Q on
coho salmon was also discussed.*® The emerging environmental
hazards of tire wear particles were reviewed.*® The roadside dust
particles found in countries like China explain the concentra-
tion of 6PPD in soil and the environment.*°

The toxic effects of 6PPD-Q on aquatic organisms have pre-
sented a critical need for its degradation.*” Fig. 3 shows the
transformation of 6PPD-Q by the ultraviolet-activated perox-
ymonosulphate (UV/PMS) system. 6PPD-Q was degraded
completely when the ratio of 6PPDQ and PMS was 1:60. The
release of sulphate and hydroxyl radicals plays a primary role in
the removal of 6PPD-Q from the aquatic environment. Degra-
dation of 6PPD and 6PPD-Q via advanced oxidation processes,
such as ultraviolet/peroxymonosulfate treatment, can generate
intermediate by-products. The ecotoxicity of these by-products
is not yet fully understood, and they may pose additional risks
to aquatic organisms. Further studies are needed to evaluate
their environmental impact and ensure the overall safety of
remediation strategies. When compared to activated carbon
materials, biochar adsorption is known for being comparatively
inexpensive and, therefore, appealing for distributed or large-
scale water treatment systems.** In many situations, effective
variables like pH, type of biochar, and dosage have a high
impact. The adsorption capacity can be lowered in acidic or
basic environments due to the presence of some specific ions,
which may also have an impact on outcomes.*” Biochar has
demonstrated high removal efficiency for a variety of contami-
nants, but the efficiency for 6PPD-quinone can vary slightly.*
UV/PMS degradation offers very high efficiency in degrading
persistent organic contaminants like 6PPD-quinone, achieving
rapid treatment with high removal percentages. The UV/PMS
requires significant energy input due to the use of UV light,
which increases operational costs, especially for large-scale
applications; it is affected by the presence of anions and the
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pH of the solution and is more effective in acidic conditions.**
Therefore, biochar is better suited for applications that are field-
based, decentralized, or cost-sensitive, whereas UV/PMS is
better in situations where fast treatment and high pollution
removal efficiency are crucial, and budget constraints are less
stringent.* The widespread distribution and long-term pres-
ence of 6PPD and 6PPD-Q in the air, water, soil, and sediments;
their toxicological effects on different species,***” with an
emphasis on aquatic organisms; and the possible health risks
to humans are of great concern. As such, new approaches are
needed to reduce the release of these pollutants, such as
improvements in tire production, green infrastructure, and
pollution control,*® along with research on novel detoxification
techniques and 6PPD-quinone remediation mechanisms. In
addition to revealing new mechanistic insights that are essen-
tial for future solutions, they should present catalytic and
microbial degradation strategies that achieve high 6PPD-Q
removal rates. This review provides a scientific foundation for
reducing the risks these pollutants pose to human health and
the environment, encourages the creation of safer chemical
substitutes, and guides future regulatory initiatives by pre-
senting the most recent research.>

There is ongoing research to identify alternative antioxidants
that provide similar protective benefits for rubber without
affecting the environment. The mitigation of 6PPD and 6PPD-Q
can be done by various strategies, such as biodegradation and
advanced filtration techniques. Despite this attention, there
remain notable gaps in grasping the knowledge on the fate of
6PPD and the alternatives to 6PPD. This review fills the
knowledge gap and suggests the harmless alternatives available
for 6PPD and 6PPD-Q.

Fig. 4 shows the impact of the bioaccumulation of 6PPD on
the environment.” The degradation product of 6PPD-Q affects

Fig. 3 Transformation of 6PPD-Q by the ultraviolet-activated peroxymonosulphate system. This figure has been reproduced from ref. 42 with

permission from Elsevier, copyright 2025.
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Fig. 4 The effects of 6PPD on the environment. This figure has been reproduced from ref. 53 with permission from Elsevier, copyright 2025.

humans and aquatic environments.”* 6PPD-Q is potentially
toxic to coho salmon.*

6PPD and 6PPD-Q toxicity
management

Green infrastructure solutions are predominantly used to
mitigate 6PPD and 6PPD-Q toxicity. This is done through
stormwater management and filtration systems. Both systems
were designed to treat runoff water from urban areas, which is
considered a major source of 6PPD-Q.** The available diverse
GSI practices provide flexibility that includes bio-retention
systems, green roofs and rain gardens, rooftop capture, infil-
tration trenches, and constructed wetlands.*” Bio-retention
systems, in which the layers are formed using engineered soil,
vegetation and microbes, have been used to filter stormwater.
When the runoff water flows through these different layers, they
absorb the 6PPD and 6PPD-Q and degrade them into harmless
substances before they enter the aquatic system.** In green roofs
and rain garden systems, the stormwater runoff is captured and
slows down the flow, which helps to reduce the direct flow of
polluted water into natural aquatic systems.*® The 6PPD and
6PPD-Q get degraded and transformed into other harmless
products. In rain garden systems, contaminated water is stored
temporarily and allows the natural filtration, sedimentation
and degradation, which helps to remove the toxicity of di-
scharged chemicals.”” In rooftop capture, green roofs are inte-
grated with vegetation and soil. These rooftops act as natural
filters and capture the particulate substances like 6PPD and
6PPD-Q and prevent their entry into stormwater.*® In the

© 2026 The Author(s). Published by the Royal Society of Chemistry

infiltration trenches, the contaminated stormwater is allowed to
pass through layers of permeable surface and soil. This facili-
tates natural filtration, chemical reaction, and biological
degradation for the removal of the toxic 6PPD and 6PPD-Q.*
Constructing Wetlands helps in removing toxic 6PPD and 6PPD-
Q from the environment as it is effective for promoting plant
uptake, sedimentation processes and improving microbial
action.”

The byproduct of tire wear, 6PPD-quinone (6PPD-Q), has
been identified as a key cause of large-scale mortality events in
coho salmon populations in the Pacific Northwest. However, the
substantial variation in 6PPD-Q sensitivity among closely
related salmonids complicates assessments of its broader toxi-
cological effects on the aquatic ecosystem. Broad-scale mortality
of in vivo species like chinook, coho, and sockeye salmon has
been reported.* The toxicity effects were also monitored using
an in vitro platform. Fig. 5 shows the lethal effects, both in vivo
and in vitro, on chinook, coho and sockeye salmon species in
the Pacific Northwest. For the in vitro assessment, the coho CSE-
119, chinook (CHSE-214) and sockeye salmon (SSE-5) cell lines
were used. The screening effects of in vitro analysis indicate that
coho salmon (CSE-119) has acute sensitivity towards 6PPD-Q. In
contrast, the chinook (CHSE-214) and sockeye salmon (SSE-5)
cell lines were nonresponsive in both assays, while rainbow
trout RTG-2 cells exhibited metabolic effects at 68 ng per L
(EC5). The in vivo studies support this toxicity effect of acute
sensitivity of coho; in 12 h exposure, the LCs, (lethal concen-
tration) was found to be 80.4 ng L™', indicating that sockeye
salmon is resistant to mortality. Chinook salmon were sensitive
to 6PPD-Q at initial concentrations >25 pg L™, approximately

RSC Adv, 2026, 16, 1943-1955 | 1947
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Fig. 5 Effect of 6-PPD-Q on aquatic species in vivo and in vitro. This
figure has been reproduced from ref. 52 with permission from ACS,
copyright 2023.

10 times higher than environmental levels typically observed in
Table 1.

No conventional methods were available to directly convert
6PPD-Q into nontoxic chemicals. Many research approaches
were explored to mitigate the harmful effects of 6-PPDQ by
completely removing it from the environment.** The govern-
ment and non-governmental organizations can impose regula-
tions on stormwater management. This can be done by
reducing the use of 6PPD and 6PPD-Q by banning its manu-
facture near urban areas.* The research should be expanded to
monitor the bioaccumulation of 6-PPD and 6-PPDQ levels in
aquatic systems and the environment. This data will provide
input to form policy and improve the treatment methodology.*®
Raising public awareness through campaigns to industry
stakeholders and the public about the impact of 6PPD and
6PPD-Q can push them to alter their behaviour; for example,
upgrading public transportation to electric vehicles and
refining the recycling process of tyres, which would reduce the
emission of 6PPD-Q to a great extent. Biochar and activated
carbon are the best materials for absorbing 6PPD-Q in the water
system.?” The quantity released into the water system might be
decreased by using these materials in stormwater treatment
systems' filtering process.*® Research on the breakdown of 6PPD
by UV exposure through sunshine has been continuing; this
process can be accelerated by employing titanium dioxide as

View Article Online
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Table 2 Alternative for 6PPD
S. no. Chemical name Acronyms
1 N-Isopropyl-N'-phenyl-p-phenylenediamine IPPD
2 N,N'-Diphenyl-p-phenylenediamine DPPD
3 N-(1,4-Dimethylpentyl)-N'-phenyl-p-phenylenediamine 7PPD
4 N,N'-Dicyclohexyl-p-phenylenediamine CCPD
5 N,N'-Bis(1,4-dimethylpentyl)-p-phenylenediamine 77PD
6 Specialized graphene NA
7 Octyl gallate NA
8 Lignin NA
9 Nano calcium carbonate surface modified NA

by gallic acid

a photocatalyst, potentially lowering the amounts of 6PPD-Q in
the environment.*

Motor vehicle tyres with 6PPD have been a concern for Cal-
ifornia's SCPR (Safer Consumer Product Regulation). The SCPR
process mandates extended analysis of every substitute used for
6-PPD, a hazardous chemical used in tyre manufacture.®® The
SCPR ensures the safety of a product and never compromises
with its performance.® The SCPR framework analysis evaluates
the changes in a product to ensure that other hazards are not
introduced. After analysis, the report suggested that there are
more than 60 chemicals that can replace 6PPD. The extended
analysis suggested 7 chemicals worthy of use, and these 7 were
subjected to a final analysis. The following table shows 9
chemicals for replacing 6PPD.*

In the first stage of 6PPD alternative analysis, researchers
found other PPDs whose incorporation could match the tyre
chemistry. This led them to 1-PPD, 7-PPD, 77PD, and CCPD
alternatives to 6-PPD reduce of 6-PPD-Q to a maximum extent
(Table 2).

IPPD as an alternative to 6PPD

6PPD is formed by a reductive amination reaction. In this
reaction, methylisobutylketone, a 6-carbon moiety reacts with
phenyl phenylenediamine to form a racemic mixture of 6PPD.*
The antiozonant property of 6PPD makes it a good choice for
tyre protection. Even though it prevents the degradation of

Table 1 Acute and chronic toxicity levels: LCs0/ECsq values of different aquatic species were exposed to 6PPD-quinone and 6PPD

S. no. Species Acute toxicity level LC5¢/ECsq

Chronic toxicity level EC/chronic ECs, Reference

1 Coho salmon  LCsq 0.095 pg per L (6PPD-quinone) 96-hour
LCso = 1 mg L " (high)

>1 but =10 mg L™" (low)

>10 but =100 mg L' (moderate)

Chronic less than acute toxicity. NOEC varies 120

41 ng L' and 95 ng L ™" (0.041-0.095 pg L) for 6PPD-Q

8.9 ug L' for 6PPD

ECso

=1 mg L' (highly toxic)

72 or 96 hours

ECso = 1 mg L " (highly toxic)

ECso > 1 but =10 mg L™ (moderately toxic)

2 Algae

3 Benthic animals LCs¢/ECso = 1 mg L™ (highly toxic) up to 10 mg L ™" less Chronic 10-day test (NOEC varies)
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rubber and elastomers used in tyres, it causes potential toxicity
to environment.* Since PPD is easily oxidized, the derivatives of
PPD, such as [IPPD (N-isopropyl-N-phenyl-p-phenyl-
enediamine), were used as alternatives to 6PPD.®® The reports
show that the LDg, of PPD is 0.028 mg L™ " and when this was
administered to the mice and rats in their regular diet, no
clinical signs of toxicity were observed. Hence, the U.S Envi-
ronmental Protection Agency can permit the use of IPPD.
However, reports have suggested the high sensitivity of skin to
IPPD exposure.®® Hence, IPPD from the environment are
essential.”

7-PPD as an alternative to 6PPD

7PPD is used as an alternative to 6PPD as it belongs to the same
chemical family.®® Like 6PPD, 7PPD also has the ability to act as
an antiozonant and antioxidant in tyres and protect them from
degradation. It scavenges free radicals during oxidation and
prevents the breakdown of rubber polymers.* The aromatic
amine group in the 7PPD structure shows antioxidant proper-
ties as it donates hydrogen atoms to stabilize free radicals, and
also forms a protective layer around the rubber by cleaving
ozone layers.” The dimethylpentyl group of 7PPD shows similar
protection to the isopropyl group in 6PPD.”* Ongoing research
has aimed to incorporate inhibitors to prevent the degradation
of quinone products from 7PPD; thus, it helps in the protection
of environmental toxicity.”

N,N’-Diphenyl-p-phenylenediamine
(DPPD) instead of 6PPD

The toxicity effects of 6PPD have drawn the attention of
researchers to find a natural product as an alternative to 6PPD.
They found that DPPD is a natural chemical that should possess
antiozonant and antioxidant properties.”> The antioxidant
property of DPPD results in the donation of hydrogen to the
derivatives of free radicals and helps in breaking autocatalytic
activity.”* The melting point of DPPD is about 140 °C, which is
much higher than that of 6PPD (46 °C).” This difference helps
in the effective heat transfer of additive materials. In addition,
there is established research to prove the less toxic effects of
DPPD.” The lipid solubility of the degradation product, ie.,
DPPD-quinone, which has less lipid solubility, helps it to
separate and avoid entry into the environment.

77PD as an alternative to 6PPD

77PD is another alternative for 6PPD and is similar in fate and
properties to PPD (p-phenylene diamines).”” 77PD hydrolyses at
a rapid rate and has a half-life of 5.3 h at a pH of 7; this rate is
181-fold higher than that of water.” When 77PD directly enters
the environment through air or water, it undergoes degrada-
tion; however, its bioaccumulation products have not been
found in terrestrial and aquatic species,” which is evidence for
their less toxicity to the environment. There is some uncertainty
in measuring the rate of hydrolysis and potential absorption of
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77PD;® in some cases, the bioaccumulation of some similar
substances to 77PD was found in the assessment.?

CCPD as an alternative to 6PPD

N,N'-Dicyclohexyl-p-phenylenediamine (CCPPD) is a potential
substitute for 6PPD as it possesses the same level of antioxidant
properties.®> The presence of bulkier cyclohexyl groups in
CCPPD involves the production of less toxic transformation
products due to its steric effects and lower reactivity.*® When
CCPPD is exposed to ozone, it does not result in quinone
production as does 6PPD.** This makes CCPPD a safer alter-
native to 6PPD.* Many studies have indicated that CCPPD does
not result in any harmful products other than quinone.?® This
helps in reducing the environmental risk posed by the by-
products.*”

Certain non-PPDs are also used for 6-PPD replacement, and
this includes specialized graphene, octyl gallate, and nano
calcium carbonate surfaces modified by gallic acid.

Specialized graphene

6PPD can even be replaced with non-PPDs in tyre
manufacturing. Graphene can be used as an alternative for
6PPD.*® The structure of graphene plays a critical role in taking
on the antiozonant properties of 6PPD. The graphene structure
has a single layer of sp>-bonded carbon atoms in a hexagonal
lattice.** Each carbon atom has 3 sigma bonds with neigh-
bouring atoms and one pi-electron per carbon contributes to
a delocalized electron cloud over the graphene surface that
results in a honeycomb lattice 2D structure.”® This bonding
favours the remarkable strength with exclusive flexibility.”* The
large surface area, carbon-carbon bond strength, and delo-
calized pi electrons favour its interaction with free radicals by
neutralizing reactive oxygen species (ROS) and ozone and acting
as an antioxidant.”” The shielded surface of graphene protects it
from environmental stress.” 6PPD only acts chemically to
stabilize the rubber. Instead, graphene provides antioxidant
activity and enhances the rubber matrix by increasing elasticity
and resistance to wear and tear.** These exceptional mechanical
and chemical properties allow graphene to be used as an
alternative for 6PPD. The conductive property of graphene helps
to absorb and dissipate UV radiation and prevent UV-induced
degradation of rubber.”® Moreover, graphene is nontoxic and
does not produce any toxic by-products after degradation. Even
though graphene has excellent properties the uniform disper-
sion of graphene in the rubber matrix is crucial to bring about
the protective effects.®® This can be addressed by using
a specialized form of graphene. Graphene can be exfoliated into
graphene oxide and the reduced form of graphene oxide to
allow the firm dispersion in the rubber matrix. This specialized
type maximizes the dispersion effects of graphene.”” The
specialized graphene-reinforced rubber is preferable as it has
the ability to improve abrasion resistance, mechanical perfor-
mance, and chemical stability. This specialized type helps to
increase durability.®® The specialized graphene oxide interacts
with rubber through van der Waals forces and chemically
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interacts with the functional groups in rubber through covalent
bond interactions.” The reduced form of graphene provides
a large surface area when used as nanosheets. These enhance
the sulphur cross-linking density during the rubber vulcaniza-
tion process and improve the elasticity, strength, and fatigue
resistance.'® The excellent thermal conductivity posed by
specialized graphene improves heat dissipation and helps to
reduce the thermal degradation of rubber.'®* The specialized
graphene provides additional oxygen-containing functional
groups like hydroxyl and carbonyl groups, which promote the
interactions through chemical bonding with the rubber matrix.
This provides a stronger interface that promotes mechanical
properties.'® These properties of specialized graphene make it
an attractive alternative to 6PPD for eco-friendly applications.

Octyl gallate

Octyl gallate (OG) is a food preservative, which is the ester of
gallic acid (3,4,5-trihydroxybenzoic acid) and octanol.’”® The
derivatives of gallate, such as propyl gallate, ethyl gallate and
dodecyl gallate, possess very good antioxidant properties and
are preferred as food additives and in the pharmaceutical
industries." These derivatives of gallate lack the antiozonant
property that is essential in the tyre industry. Octyl gallate is the
preferred alternative as it has a melting point of approximately
100 °C; while mixing, it has the ability to melt at the prescribed
temperature.'® This helps in preventing the breaking of double
bonds in rubber by ozone. It has been reported in the literature
that gallate is a non-hazardous chemical and is used in food
additives.'*® Being naturally derived, octyl gallate is considered
to be safe, but it cannot provide long-lasting protection under
UV radiation.'® The research in green chemistry suggests
incorporating gallates as a part of a multi-component system.
This would enhance the performance and durability of tyres
without affecting the environment.

Nano-calcium carbonate surfaces
modified by gallic acid

Nano-calcium carbonate (nano-CaCOs;) has been explored as
a potential alternative to 6PPD.'” To enhance the properties,
nano-CaCO; was subjected to surface modification with gallic
acid, which made it suitable as a potential alternative to 6PPD."*®
Generally, nano-CaCOj; has the ability to increase the mechanical
properties of rubber, such as yield strength, tensile strength, and
elasticity.’® The nano form favours an increased surface area to
bring about more interaction and facilitate better dispersion with
the rubber matrix."® The antioxidant property of gallic acid helps
to neutralize free radicals like ROS and prevent oxidative degra-
dation. Like 6PPD, gallic acid may not directly interact with ozone
and forms reactive intermediates. Nano-CaCO;, along with gallic
acid, can reinforce antioxidant protection and offer multifaceted
defence mechanisms that lead to tyre deterioration.'™ The long-
term durability of nano-CaCO; combined with gallic acid in
severe environmental conditions includes UV exposure and
temperature variations made under research.'” This research
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helps to optimize the effectiveness of environmental protection
and scalability in the tyre industry.

Use of lignin instead of 6PPD

Lignin is a natural polymer that is a potential replacement for
6PPD  (N-(1,3-dimethylbutyl)-N-phenyl-p-phenylenediamine)
since the source of lignin is plants rather than petroleum
products, and results in a lower risk of releasing degradation
products into the ecosystem.'*® The UV degradation properties,
mechanical properties like elasticity and resistance to wear,**
and antioxidant properties of lignin make it an alternative to
6PPD in tyre manufacturing.™*

Conclusion

6-Phenylenediamine (6PPD) is an essential antioxidant that is
predominantly used in the tyre industry. The degradation
product of 6PPD is 6PPD-Q, which causes significant harmful
effects to the environment. When these particles from tyre wear
enter the air, water, and humans, they can cause acute toxicity.
The persistence of these toxic chemicals make them long-
lasting pollutants in the environment. This review covers the
mechanism by which 6PPD and 6PPD-Q pollute the environ-
ment, the potential replacement PPDs such as IPPD, DPPD,
7PPD, CCPD, 7PD, and non-PPDs like specialized graphene,
octyl gallate, lignin, nano-calcium carbonate surfaces modified
by gallic acid, with the mechanism of protection against ozone,
oxidation, and wear without compromising performance and
safety. These alternatives can reduce the environmental foot-
print left by 6PPD. The future research aims to develop an
integrated viable alternative to minimize the ecological harm.

Global regulations need to reduce
6PPD toxicity

Global regulation is essential to address 6PPD toxicity as it is
widely present and impacts the ecosystem. There is an urgent
need for global regulations to address 6PPD toxicity due to its
widespread presence and impact on ecosystems."® This regu-
lation includes transparency requirements, providing discharge
limits into the environment and promoting alternative usage
for 6 PPD."” The transparency requirements involve mandatory
labelling of high-risk compounds. This enables the consumers
to make choices and track the discharge of this substance into
the environment."® It is essential to set strict environmental
discharge limits on toxic chemicals like 6PPD, which will reduce
their presence in the environment. This will promote the
development and adoption of less harmful alternatives to 6PPD
through regulations without compromising the product
performance, encourage proper tire disposal methods, and
reduce the environmental load of toxic by-products.’* Global
monitoring involves the standardized monitoring of 6PPD and
6PPD-quinone concentrations across regions, which provides
data for regulatory authorities to assess long-term effects and
enforce tighter regulations. A framework for collaborative
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research and unified regulatory standards should be estab-
lished through bodies like the United Nations Environment
Programme (UNEP). Regulations should be aligned globally to
prevent loopholes in specific regions and enable a coherent
response to the environmental impact of 6PPD."*

Future perspectives

Advances in environmental monitoring tools could allow real-
time tracking of 6PPD and its by-products in ecosystems.
These technologies could inform rapid response efforts and
help assess long-term environmental health. AI could play a role
in predicting the long-term environmental and health effects of
6PPD, potentially guiding future regulatory and mitigation
strategies. Future studies should be focused on developing
green synthesis pathways to obtain tire antioxidants to mini-
mize 6PPD and 6PPD-Q release. The photodegradable material
research enables the safer breakdown of this toxic compound.
Microbial communities could be used to find bioremediation
strategies for removing 6PPD and 6PPD-Q from aquatic
environments.
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