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Abstract: Flame retardants (FRs) that have an adverse effect on human and the environment have been subject to
regulation since 1972. However, FRs emerging as a replacement, are not proving to be fully environmentally safe.
Water and sediment contamination by FRs, including organophosphorus (OPFRs) and novel brominated (NBFRs)
ones, is a matter of major concern. Due to their common usage, many release sources, and relatively high mobility, they
pose a threat to aquatic organisms and ecosystems. This review summarises studies on the OPFRs’, and NBFRs’
simultaneous occurrence in water and corresponding sediment. The main sources of occurrence and routes of entry of
FRs into the environment are presented. The newest reports on the ecotoxicity of selected FRs had been summarised in
order to bring the matter to attention. The research revealed that although great efforts had been made to study the
occurrence of OPFRs and NBFRs in water and sediment separately, there is a lack of research on their occurrence in
both media in the same area. Although major efforts have been made to study the ecotoxicity of OPFRs, there are some
deficiencies for the NBFRs. Considering their relatively high ecotoxicity, further studies should be conducted on joint
ecotoxicity, which may cause synergistic or antagonistic effects.
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INTRODUCTION

For many years much attention had been paid to extending life
and maintaining the integrity of materials present in people’s
lives. Since the 18th century flame retardants (FRs) were used in
order to reduce fire hazard and later to achieve suitable levels of
fire protection for several materials, including furnishings,
electronics, building, and construction materials.

FRs are a group of various compounds that reduce the
adverse effect of thermal degradation and combustion of
materials on people and the environment. They extend the time
to ignition, inhibit flame spreading and restrain the pyrolysis
process. FRs may be divided according to several criteria, e.g.
contained elements or structures, mode of action, or bonding
method. The most common FRs over the years were halogenated
FRs (HFRs), inorganic hydroxides (including Al(OH); and
Mg(OH),), phosphorus, nitrogen, boron, tin, and zinc com-
pounds, nanoclays, polyhedral oligomeric silsesquioxanes, as well

as its mixtures, and intumescent coatings. However, not all FRs
are environmentally safe. Many of them have an adverse effect on
human health and the environment. This applies mainly to the
HFRs (chlorinated and brominated) and organophosphorus FRs
(OPFRs) which give serious cause for concern for scientists and
the government (Dowbysz, Samsonowicz and Kukfisz, 2021).
Regulation of usage and production of HFRs started in 1972
by banning polychlorinated biphenyls (PCBs) being persistent
organic pollutants (POPs) (Miranda et al., 2022), that have an
adverse effect on the ecosystem and human health. Seeking
satisfactory alternatives led to growing interest in brominated FRs
(BFRs), which exhibit a similar mode of action. However, the
toxicity and ecotoxicity of their representatives such as poly-
brominated diphenyl ethers (PBDEs), hexabromocyclododecane
(HBCD), and tetrabromobisphenol A (TBBPA) turned out
unacceptable and resulted in further restrictions of their usage
in European Union and North America. At that time OPFRs
became the focus of attention. However, BFRs and OPFRs are

© 2023. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences — National Research Institute (ITP — PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/)


mailto:adriana.dowbysz@pb.edu.pl
https://orcid.org/0000-0002-8193-7051
https://orcid.org/0000-0003-4981-0779
https://orcid.org/0000-0001-5049-7316

An overview of the (eco)toxicological effects of flame retardants emerging in water and sediment 45

nowadays found as “regrettable substitutions” (Lippold et al.,
2022).

Nowadays, although national regulations and fire safety
standards vary for different industry sectors in Europe, the
European Commission strives for harmonisation by imposing
more stringent regulations concerning general product safety and
the usage of certain hazardous substances. However, fire safety
standards themselves, do not forbid specific FRs. At the same
time, the awareness of the importance of ecolabels and voluntary
product assessments increases; the requirements to meet the
standard often limit the usage of specific compounds, such as
HEFRs for the Blue Angel (ECHA, 2023).

Although non-toxic alternatives are commercially available
in the market, still, despite of high toxicity and ecotoxicity of
HFRs, a new class of FRs known as new brominated FRs
(NBFRs) has emerged (Montano et al., 2022).

Recent studies on the occurrence of these toxic FRs
revealed that organophosphate esters, including tris(butoxyethyl)
phosphate (TBOEP), tris(2-chloroethyl) phosphate (TCEP), tris
(2-chloroisopropyl) phosphate (TCIPP), triethyl phosphate
(TEP), tris(1,3-dichloro-2-propyl)phosphate (TDCPP), triphenyl
phosphate (TPP), and NBFRs including decabromodiphenyl
ethane (DBDPE), bis(2,4,6-tribromophenoxy) ethane (BTBPE),
hexabromobenzene (HBB), bis(2-ethylhexyl) tetrabromophtalate
(TBPH), were found in water and sediment across the globe.

The objective of this review is to summarise the recent
knowledge of the occurrence of FRs in water and sediment and
evaluate the risk posed by these compounds in terms of their
toxicity, bioaccumulation properties, and eco(toxicity). Sources
and distribution of OPFRs and NBEFRs, as well as their
ecotoxicological effects are analysed.

SOURCES OF FLAME RETARDANTS

FRs may enter aquatic ecosystems via point, line, or volume
sources. They may undergo several processes including partition-
ing and degradation followed by sinking in sediments (Hou et al.,
2021). The pathways encompass atmospheric deposition, surface
run-off, and precipitation (Wang et al., 2023). PBDEs, NBFRs,
and OPFRs production, their leaching from the materials, and
improper discharge are major sources of environmental contam-
ination. Reuse and recycling of materials containing these FRs,
including electronic waste, upholstery, and furniture, may
also have a limited impact on the environment (Miranda et al.,
2022). The occurrence of FRs in the environment is shown in
Figure S1.

FLAME RETARDANTS INCLUDING
ORGANOPHOSPHORUS (OPFRs) OCCURRING
IN WATER AND SEDIMENT

OPFRs contain a phosphate group with organic compounds
attached (Kung et al., 2022). They are a group of mainly additive
FRs, which can easily enter the environment via volatilisation,
leaching, or abrasion. They may be divided into three subgroups:
Cl-alkyl (containing chlorine atoms), non-Cl alkyl, and aryl
compounds. The Cl-alkyl subgroup contains e.g. tris(2-chloro-
propyl) phosphate (TCPP), tris(1,3-dichloro-2-propyl) phosphate

(TDCPP), tris(2-chloroethyl) phosphate (TCEP) (Liu, Y. et al.,
2022), bis(1,3-dichloro-2-propyl) phosphate (BDCPP) (Kim, Oh
and Kannan, 2017). Non-Cl alkyl compounds include e.g.
triisopropyl phosphate (TiPrP), tris(2-butoxyethyl) phosphate
(TBOEP), trimethyl phosphate (TMP), tri-n-butyl phosphate
(TnBP), tri-iso-butyl phosphate (TIBP), triethyl phosphate (TEP),
tris(2-ethylhexyl) phosphate (TEHP) (Liu, Y. et al, 2022),
tripropyl phosphate (TPrP) (Shi, Y. et al. 2016). Triphenyl
phosphate (TPHP), triphenylphosphine oxide (TPPO), tetra-
phenyl m-phenylene bis(phosphate) (RDP) (Liu, Y. et al., 2022),
cresyl diphenyl phosphate (CDPP) (Shi, Y. et al, 2016), tris
(methylphenyl) phosphate (TMPP), diphenyl phosphate (DPhP)
(Kim, Oh and Kannan, 2017) are ones of aryl compound
representatives.

Present in water, OPFRs may degrade to potentially toxic
organophosphate diesters (Di-OPs) by the wastewater treatment
processes or photolysis. Examples of Di-OPs are bis(2-buto-
xyethyl)2-hydroxyethyl phosphate triester (BBOEHP) and bis
(2-butoxyethyl)2-(3-hydroxybutoxy)ethyl phosphate triester
(3-OH-TBOEP) (Liu, Y. et al., 2022).

NOVEL BROMINATED FLAME RETARDANTS (NBFRs)
OCCURRING IN WATER AND SEDIMENT

NBFRs are a group of additive or reactive FRs, marketed to
replace the traditional BFRs. Additive NBFRs may be divided into
three subgroups: polyaromatic, monoaromatic, and other. Poly-
aromatic subgroup contains e.g. decabromodiphenylethane
(DBDPE), and 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE).
Hexabromobenzene (HBB) (Lee et al., 2020; Dong et al., 2021),
pentabromotoluene (PBT), and 2,3,4,5,6-pentabromoethylben-
zene (PBEB) (Carlsson et al, 2018; Dong et al., 2021) are
examples of monoaromatic additive NBFRs. Other additive types
are 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EHTBB) (Lee et al.,
2020, Dong et al., 2021), bis-(2-ethylhexyl) tetrabromophthalate,
1,2-dibromo-4-(1,2-dibromoethyl) cyclohexane (DBE-DBCH),
tris(2,3-dibromopropyl) isocyanurate (TBC) (Dong et al., 2021).
NBERs are a wide group of compounds; other representatives are
HBCD (Chokwe et al., 2015), 2,3-dibromopropyl 2,4,6-tribromo-
phenyl ether (DPTE) (Lee et al., 2020), 2,4,6-tribromophenol
(TBP), pentabromophenol (PBP) (Xiong et al, 2016), penta-
bromobenzene (PBBz), 2,3,5,6-tetrabromo-p-xylene (TBX), and
1,2,5,6-tetrabromocyclooctane (a-TBCO) (Carlsson et al., 2018).
All mentioned NBFRs are present in water. Although they can be
efficiently removed during treatment processes, they may be still
disposed into sewage sludge and sediments.

PHYSICOCHEMICAL PROPERTIES OF FLAME
RETARDANTS INCLUDING ORGANOPHOSPHORUS
(OPFRs) AND NOVEL BROMINATED FLAME
RETARDANTS (NBFRs)

Due to the variety of OPFRs and NBFRs structures, there is no
overall pattern of changes in their physicochemical properties.
However, that knowledge allows us to predict and explain their
occurrence in different ecosystems. Chemical structure, molecular
mass, solubility in water, vapour pressure, or sub-cooled liquid
vapour pressure are important properties in terms of a profound
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understanding of their occurrence and concentration in water,
soil, and atmosphere (Bika et al, 2022; Kung et al, 2022).
However, one of the most important characteristics is the
octanol-water partition coefficient (Kow) value. Table S1 presents
selected physicochemical properties of various OPFRs and
NFBRs.

Most of the OPFRs exhibit greater than zero log Kow values,
indicating their lipophilic properties and higher tendency to
bioaccumulation. On the other hand, chlorine-containing OPFRs
are hydrophilic and stand as a threat to aquatic organisms —
Table S1 (Bika et al., 2022). Additionally, the bioconcentration
factor (BCF), which is the coefficient for the equilibrium
partitioning process between water and aquatic organisms, may
be simplistically predicted and estimated based on the log Kow
values (Dimitrov et al., 2002).

Differences in the physicochemical properties of FRs affect
the considerable variety in the presence and concentration of
these groups of FRs in water and sediment. Lipophilic,
hydrophobic, and low vapour pressure properties of PBDEs
influence their appearance in sediments, eatables, and particles
and droplets in the air (Miranda et al, 2022). Lipophilic
properties of NBFRs influence their high accumulation levels in
aquatic organisms, and further spread through the food chain;
thus their concentration in water is lower, such as for DBDPE or
BTBPE - Table S2 (Hou et al., 2021). At the same time, more
hydrophilic FRs, such as some OPFRs containing chlorine, are
found in water in higher concentrations compared to sediments,
e.g. TCEP (Tab. S2). Lower solubility OPFRs, e.g. TEHP,
2-ethylhexyl diphenyl phosphate (EHDPP) - Table S2, have
a higher tendency to absorb in sediments. Interestingly, OPFRs
distribution and concentration may constantly change, due to
their complicated migration and transformation processes
occurring under the influence of internal water forces (Wang
et al., 2023). FRs exhibiting higher vapour pressure, are more
likely to volatilise into the atmosphere. For NFBRs, the decrease
in molecular weight results in an increase in the vapour pressure
(Al-Omran, 2018).

CONCENTRATIONS OF FLAME RETARDANTS
INCLUDING ORGANOPHOSPHORUS (OPFRs) AND
NOVEL BROMINATED FLAME RETARDANTS (NBFRs)
IN WATER AND SEDIMENT

The mean values or concentrations of selected OPFRs and NFBRs
in water and sediment collected recently from various locations
(Chokwe et al., 2015; Xiong et al., 2016; Carlsson et al., 2018; Lee
et al., 2018; Zha et al., 2018; Lee et al., 2020; Zhang et al., 2021;
Liu, Y. et al., 2022) are presented in Table S2. Based on that
research, the most frequently detected OPFRs in water are alkyl
not containing Cl atoms (e.g. TnBP, TPrP, TEP), and alkyl
containing Cl atoms (TCPP, TDCPP, TCEP). Among these
groups, the highest concentrations in waters were observed for
the TCEP (4776.73 ng-dm’S) and TEP (459 ng-dm’S) respectively.
The highest concentration of aryl-OPFRs was achieved for TPPO
(190.81 ng-dm™).

High concentrations of selected FRs may be attributed to the
existence of several sources of contamination. The fact that some
FRs, such as TCEP, may also be used as plasticisers is not out of
significance. A high concentration of TPPO was observed; again,

it could be due to its usage in the pharmaceutical and metal
industries. That leads to the conclusion that the sampling area has
a real meaning in the proper interpretation of results (Liu, Y.
et al., 2022).

The differences in the concentration of FRs in water and
sediment are directly related to their physicochemical properties,
including hydrophilicity. FRs exhibiting limited ability to degrade
in water (e.g. TCEP, TCPP, and TDCPP) are present in lower
concentrations in sediments compared to water. At the same time
some of the FRs soluble in water can also be found in sediments,
by their combination with plankton, and then fall free (Wang
et al., 2023). OPFRs exhibiting lower molecular weight are more
likely to be found in water than in sediment. Generally, they are
more soluble in water than NFBRs, although the log Kow values
indicate the lipophilic properties of several OPFRs (Miranda
et al., 2022).

Although separate research on the occurrence of NBFRs in
water and sediment has been conducted, the issue of their
occurrence in both environments is still not studied in detail. The
results of the research on the occurrence of NBFRs (Tab. S2)
demonstrate that among studied compounds, the HBCD have the
highest concentration in water (1770 ng-dm™>). Very low
concentrations of TBP, PBP, PBBz, PBEB, TBX, PBT, a-TBCO,
and DBE-DBCH had been found in Archipelago Svalbard.
Among these TBP and PBP exhibited the highest concentrations
in water of 0.18 ng-dm™ and 0.16 ng-dm™> respectively. Textile
and electronic industries also commonly use TBP and PBP. In
addition, TBP is also formed as a by-product of the tetrabromo-
bisphenol A (TBBPA) biodegradation processes occurring in
water and sediment (Xiong et al., 2016).

THE ECOTOXICOLOGICAL EFFECTS
OF FLAME RETARDANTS INCLUDING
ORGANOPHOSPHORUS (OPFRs)

Bioaccumulation and biomagnification of OPFRs may occur in
the tissues of rodents, fish, or birds. Although the ability to
bioaccumulate is lower compared to halogen HFRs, OPFRs still
may pose a significant threat to human and the environment.
They may cause endocrine disruption and are related to a high
risk for reproduction and systemic toxicity (Miranda et al,
2022).

Cristale et al. (2013) studied the acute toxicity of the TnBP,
TCEP, TCPP, TPHP, EHDPP, TBOEP, TEHP, and TCP (tricresyl
phosphate), being the most common contaminants in the three
Spanish rivers, on Daphnia magna. Among these OPFRs, the
highest acute toxicity was observed for TCP and EHDPP, with
the half maximal effective concentration (ECs,) values of
0.31 mg-dm™>. The lowest was achieved for the TCPP and TCEP,
exhibiting significantly higher ECs, values of 38 and 81 mg-dm™
respectively.

The results demonstrate a strong correlation between
toxicity and lipophilicity. The OPFRs with the lowest log Kow
values, such as TCPP (2.59), and TCEP (1.78), remain less toxic
than those with higher octanol-water coefficients, such as TCP
and EHDP. Moreover, the research included also the joint toxicity
assessment of nine OPFRs at their ECsq concentration. The results
showed that the joint toxicity of these compounds is mainly
additive.
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Due to the possible interactions between different con-
taminants, testing more than one substance is important in order
to study the existence of synergistic or antagonistic effects. Lin
(2008) studied the acute toxicity of the TnBP and TPHP mixtures
using D. magna. Individual median lethal concentration (LCs)
values of TnBP vary from 548 mg-dm™ (after 24 h) to
1.17 mg-dm™ (after 48 h). Significantly higher toxicity exhibits
TPHP, with the LCso values of 0.51 mg-dm™ (after 24 h) to
0.09 mg-dm™ (after 48 h). The toxic units of mixtures, defined as
the ratio of the compound measured concentration in a mixture
to the corresponding effect concentration of a compound in the
same medium, of the varying toxic unit ratios of these two FRs
were nearly equal 1, suggesting the additive toxicity of TnBP
and TPHP. This may be ascribed to the fact that both compounds
are bound chemically with the D. magna enzyme - acetylcholin-
esterase.

It is reported that some of the OPFRs may biomagnify in
organisms. The waterborne and dietary accumulation of TCEP,
TDCPP, TBOEP, and TPHP in D. manga were investigated by
Liu, W. et al. (2022). The results of the waterborne exposure tests
revealed that accumulation and depuration of OPFRs in
D. magna occur the fastest at the first 6 hours of exposure
regardless of whether the initial OPFRs concentration is high or
low. The highest uptake rate constant was observed for TPHP
(138.80 dm>kg™"h™"), which was nearly an order of magnitude
higher compared to the other studied FRs. The lowest was
observed for TBOEP (0.57 dm’kg h™'). The half-life times
ranged between 4.13 h (TCEP) and 7.88 h (TPHP). Again, it is
attributed to the highest lipophilicity of TPHP among studied
OPFRs, which makes its transfer to the solution more difficult.
The bioaccumulation factors were the lowest for TBOEP and
TCEP, and the highest was obtained for TPHP. Interestingly, they
were higher in D. magna than in invertebrates and fish, which
confirms that total OPFRs concentration is the lowest for
plankton. The uptake rate constants for the dietary exposure
were significantly lower compared to waterborne exposure, and
the highest was achieved for the TCEP (5.82 h™!). On the
other hand, the depuration of D. magna was occurring
significantly faster, which may be ascribed to the different
metabolic pathways of OPFRs via waterborne and dietary routes.
The biomagnification factors were rising with the increase of the
concentration of OPFRs for all FRs excluding TBOEP. This may
be ascribed to the easier accumulation in algae and degradation
into BBOEHP and 3-OH-TBOEP.

The bioaccumulation and trophic transfer of OPFRs in the
marine food webs of Laizhou Bay were studied by (Bekele et al.,
2019). The highest detection frequencies among biota samples
were achieved for TCPP (85%), TIBP (80%), and TBOEP (77%),
which is in agreement with other studies on freshwater and
marine species. The concentration of OPFRs in fish and
invertebrates has shown no significant difference. However, the
concentrations of alkyl-, Cl-containing, and aryl-OPFRs in
benthic fishes (1450-2550 ng-g™" lipid weight Iw) were consider-
ably higher than in pelagic (642-1890 ng-g_1 Iw), showing their
greatest accumulation ability. The bioaccumulation potential
depends on the lipid content - the higher concentrations were
observed for invertebrates and fish, which exhibited higher lipid
contents. The trophic magnification factors analysis revealed an
increasing trend in the concentration of OPFRs with the
increasing trophic level, which indicates the biomagnification

potential of e.g. TBEP, TEP, TEHP, TCPP, or TCPP in a marine
food web.

Interesting findings on the growth, reproduction, and
survival of D. magna after exposure to TCEP have been reported
by Li et al. (2020). The growth was accelerated compared to
unexposed organisms, and the body length increase was observed
on the 22™ day of exposure to TCEP. However, the changes
disappeared on the 32™
ments should be conducted for a longer period. Again, in terms of
survival measurements, in the longer period (78-82 days) there
was an increase in the survival rate, which was not observed until
32 days. Moreover, after the g3rd day, the effect disappeared,
which denies ensuring longevity by TCEP, and suggests the
hormesis effect. Although TCEP does not significantly affect

day, concluding that accurate experi-

neonatal production, the overall offspring production was
increased. To summarise, TCEP might not have an adverse effect
on the reproduction of D. magna. Again, in terms of survival
measurements, in the longer period (78-82 days) there was
an increase in the survival rate, which was not observed until
32 days.

THE ECOTOXICOLOGICAL EFFECTS OF NOVEL
BROMINATED FLAME RETARDANTS (NBFRs)

Studies on the ecotoxicity of NBFRs are limited, but their amount
increases due to the widespread occurrence of these novel FRs in
environmental sources and biota. NBFRs may undergo bioaccu-
mulation and biomagnification, which depends on the individual
metabolic rates in the organisms. Some of them, e.g. DBDPE,
exhibit hepatotoxic properties and disrupt the endocrine system.
Due to the similarity of NBFRs and BFRs structures, it is assumed
that they may also pose a considerable threat to human and the
environment (Miranda et al., 2022).

Scanlan et al. (2015) studied the toxicity of TPHP and
bis(2-ethylhexyl) phthalate (BEHP), and two formulations; the
first, consisting of bis(2-ethylhexyl) tetrabromophthalate (BEH-
TEBP) (8%), EHTBB (30%), TPHP (17%) and isopropylated
triaryl phosphates (ITP) (45%), and the second, consisting of 30%
of BEH-TEBP and 70% of EHTBB. The highest acute toxicity in
D. magna was observed for the FM550 (0.486 mg-dm™), and the
BZ54 and TPHP LCs, values were similar. BEH-TEBP was found
to be the least toxic (0.91 mg-dm'3 ). However, all of the studied
FRs are toxic and pose a threat to freshwater ecosystems. The
increase of the glycosphingolipid biosynthesis pathway is
a molecular effect of the BEH-TEBP. Glycosphingolipids may
influence cell proliferation, senescence, or differentiation. Trans-
duction of the Wnt signal was observed for the second
formulation, which is related to changes in embryonic patterning
and morphogenesis, and may affect the whole population. In
addition, exposure to the first formulation may cause nutritional
dysregulations in D. magna.

Although DBDPE shows low acute toxicity to chicken
embryos and is not toxic to fish, algae, or D. magna up to
110 mg-dm >, recent studies revealed that exposure to sediment
containing DBDPE causes low-level developmental neurotoxicity
in zebrafish larvae. What is more important, the existence of
other organic pollutants may result in underestimating or
overestimating the risk. Interesting research on the influence of
the TiO, nanoparticles on the existence, uptake, metabolism, and
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toxicity of DBDPE in zebrafish larvae had been conducted by
Wang et al. (2022). The DBDPE concentration in larvae has
raised almost twice when the mixture contained nano TiO,. The
changes in metabolites included the increase in concentrations of
the nona-BDPE and nona-brominated compounds, and the
decrease in the concentrations of octa-BDPE, hepta-BDPE, and
other brominated products. Although the hatching, survival, and
malformation rates, as well as body weight, were not significantly
different, the increase in the heart rates and changes in the
locomotor behaviour had been observed. Despite that the
presence of nano TiO, did not cause obvious toxicity to zebrafish
at this time, changes observed at high concentrations of TiO,
suggest that it may pose a potential risk in the future.

HBCD is known for its toxicity to vertebrates and
invertebrates, it slows the growth of D. magna at 5.6 pug-dm™
and induces malformation. It induces oxidative stress by the
transcription of responsive genes and has a high bioaccumulation
potential. The research by Shi, D. et al. (2016) indicates its toxicity
to Tigriopus japonicus, resulting in the growth delay. Moreover,
the next generation of organisms was more sensitive to HBCD,
which shows the significance of long-term exposure tests.

CONCLUSIONS

Although extensive research on the organophosphorus flame
retardants (OPFRs) and novel brominated flame retardants
(NBFRs) emerging in water and sediment separately is carried
out, a matter requiring more attention is their occurrence and
distribution in both media in the same area. Sampling areas
considerably influence the occurrence of FRs in water and
sediment; the greatest concentrations had been found in
industrialised areas. However, several compounds are not only
used as FRs but may also serve as e.g. plasticisers, antifoaming or
hydraulic agents, which affects their final concentration.

Due to the fact that groups of OPFRs and NBFRs have
enlarged over the years, there is still a need to further investigate
the occurrence, distribution, and ecotoxicity of these compounds.
The ecotoxicity of novel FRs, their bioaccumulation and
biomagnification potentials in organisms indicate that not all of
these new compounds may serve as environmentally friendly FRs.
Further studies are needed in order to update existing require-
ments and regulations.

Moreover, joint effects — synergistic, additive, or antagonis-
tic — of the OPFRs and NBFRs should be the subject of future
studies because of the common occurrence of several compounds
in studied areas.
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