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Abstract 

Because of their usually high molecular weight, polymers are generally considered as being of low environmental 
concern and are, therefore, exempted from registration and evaluation within REACH. This exemption is currently 
being reviewed by the European Commission. Against this background, data on the environmental fate and effects 
of selected water-soluble synthetic organic polymers used in cosmetic products were evaluated. The considered 
polymers include non-ionic polyethylene glycols (PEGs), anionic homo- and copolymers of acrylic acid (AA-P&CoPs), 
and cationic polyquaterniums (PQs). The PEGs are more amenable to biodegradation than the AA-P&CoPs and the 
PQs, which biodegrade slowly. In wastewater treatment plants, sorption and precipitation are expected to lead to an 
effective removal of the considered polymers from the wastewater. Uptake and bioaccumulation in aquatic organ-
isms are limited by the large molecular size and, for AA-P&CoPs and PQs, the ionic charge of the polymers. In aquatic 
ecotoxicity tests, the PEGs and the AA-P&CoPs showed generally no to low toxicity. Effects of AA-P&CoPs on algae and 
crustaceans are attributed to the chelation of cationic nutrients in soft water, with toxicity being mitigated at higher 
water hardness. Toxicity of the cationic PQs to aquatic organisms ranged from absent to high, depending on the poly-
mer structure, charge density and molecular weight, as well as on the test organism and test conditions. The observed 
effects most likely result from interactions with the organisms’ surfaces. Aquatic toxicity of the PQs is reduced by dis-
solved organic carbon, suspended solids, sediments minerals, and at higher water hardness, representative of natural 
conditions. Results from toxicity tests with sediment and soil organisms were only identified for homopolymers of 
acrylic acid, showing no toxicity. The evaluation of the available ecotoxicity data suggests that test methods may 
need to be adapted to the respective polymer type, and further standardised to improve reproducibility. Based on the 
identified data, the considered polymers are likely to be of low environmental concern. However, this conclusion must 
be seen as preliminary, since environmental concentrations could not be estimated, and further ecotoxicity data are 
required, e.g., for sediment and soil organisms.
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Introduction
Synthetic polymers are manufactured macromolecules 
consisting of one or more types of monomers that are 
covalently bound to each other. They represent a diverse 

group of chemicals, with differences being primarily 
attributable to the type and number of monomer units 
[1, 2] (see Additional file 1 for the definition). According 
to the large diversity in the number of contained mono-
mers, the molecular weight (MW) of polymers ranges 
from several hundred to several million Da [3]. Due to 
their usually high MW, polymers are generally consid-
ered as being of low environmental concern [2]. There-
fore, they are exempted from registration and evaluation 
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within the European REACH system until a scientifically 
and technically sound, practicable, and cost-efficient way 
has been identified for selecting certain polymers for reg-
istration [4]. However, monomers and other substances 
used to manufacture polymers need to be registered [2, 
4]. According to Article 138 (2) of the REACH Regulation 
[4], the exemption of polymers from registration under 
REACH is currently being reviewed with the objectives 
(a) to analyse human health and environmental risks 
posed by polymers as compared to other chemicals, and 
(b) to evaluate if there is a need to register certain types 
of polymers. In this context, three reports were pre-
pared for the European Commission. The first report [5] 
includes an evaluation of the registration requirements 
under REACH as compared to other regulations. The 
second report [6] suggests an approach for identifying 
polymers of low concern (PLC) that is relatively similar 
to the approach of the US EPA, which is based on cri-
teria such as limited content of low MW material, lim-
ited presence of reactive functional groups, and no or 
low cationic charge density [1, 7]. Similar PLC criteria 
are implemented in other countries [5, 6, 8, 9]. The third 
report for the European Commission [10] summarised 
criteria to identify polymers that may require registration 
under REACH in the future and adapted the informa-
tion requirements for these polymers. Polymers are also 
currently being addressed by ECETOC’s Polymers Task 
Force, which proposed a conceptual framework for poly-
mer risk assessment [9], and examined the applicability 
of chemical-analytical methods, standardised test meth-
ods, and predictive models [11].

Polymers sharing the same name and CAS number can 
differ in their MWs, monomer ratios, and other proper-
ties such as charge density [9]. To characterise a polymer, 
information is required on the identity and percentages 
of its constituents, the type of binding between them, the 
MW distribution including the percentage of low MW 
material (< 1  kDa), the ionic charge and charge density, 
the presence of reactive functional groups, and the water 
solubility [7, 12]. Synthetic polymers are polydisperse, 
i.e., they consist of polymer molecules with different 
numbers of monomer units and thereby different MWs. 
The number-average MW  (MWn), the weight-average 
MW  (MWw), and the polydispersity index  (MWw/MWn) 
can be used to characterise the MW of a polymer [3, 
13] (see Additional file 1 for definitions). However, such 
information is often not publicly available.

The objectives of the present review are to critically 
evaluate information on the environmental fate, uptake 
into environmental organisms, and ecotoxicity for 
selected polymers, and to identify open research ques-
tions. Focus is placed on three classes of water-soluble 
synthetic organic polymers that are used in cosmetic 

products (as defined in [14]): non-ionic polyethylene gly-
cols (PEGs), anionic homo- and copolymers of acrylic 
acid (AA-P&CoPs), and cationic polyquaterniums (PQs).

The considered polymers were selected by the German 
Cosmetic, Toiletry, Perfumery and Detergent Associa-
tion (IKW) based on a survey among its cosmetic indus-
try member companies. They represent commonly used 
classes of polymers that are relevant, e.g., due to their 
tonnage or because they fulfil a specific function needed 
for the cosmetic product (for further details, see Addi-
tional file  1, Sect.  2). In cosmetic products, these poly-
mers are used, e.g., as thickeners, emulsifiers, lubricants, 
conditioners, and film formers [15–17].

Apart from being used in cosmetic products, the 
selected polymers have numerous other applications. 
For instance, water-soluble homopolymers of acrylic acid 
(P-AAs) are employed in laundry detergents and other 
household cleaning products [18–21]. Water-soluble 
acrylamide-acrylic acid copolymers (AAmAA-CoPs) are 
used at high tonnages as flocculants, e.g., in wastewater 
treatment plants (WWTPs) [22–24], and as soil condi-
tioners to improve water retention and reduce erosion 
of irrigated agricultural soils [25–27]. Polyquaternium-6 
is widely used as coagulant and flocculent in wastewa-
ter treatment, for sludge dewatering and as coagulant 
in drinking water purification [23, 28–32]. PEGs have a 
variety of applications, e.g., for drug delivery, in house-
hold and industrial cleaning products and in hydraulic 
fracturing fluids [16, 33–36].

Methods
Considered water‑soluble synthetic organic polymers
Information on the identity and key characteristics of 
the considered synthetic organic polymers is provided in 
Table 1 and in the Additional file. The selected polymers 
are all water-soluble (> 1 mg/L, see Additional file, Sect. 1 
and Tables S1–S3). For the AA-P&CoPs and PQs, chain 
lengths (and thus MWs), and, in case of heteropolymers, 
monomer ratios and charge densities may span across a 
considerable range. In the following, MWs without fur-
ther specification are indicated, when more specific 
information (e.g.,  MWn and  MWw) is not available.

PEGs are homopolymers of ethylene oxide (i.e., poly-
ethers). The ten considered PEGs have average MWs 
ranging from 200 Da  to 4000  kDa (Table  1 and Addi-
tional file 1: Table S1). They are hydrophilic but, due to 
a lack of ionisable functional groups, neutral (non-ionic) 
molecules.

Due to their carboxylic groups, AA-P&CoPs are 
anionic at neutral pH. Homopolymers of acrylic acid 
(P-AA) used in cosmetics have MWs of approx. 2000–
4000  kDa and a charge density of 10.6  meq/g (see 
Additional file 1, Sect. 1 and Table S2). The considered 
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copolymers of acrylic acid (AA-CoPs), methacrylic 
acid-ethyl acrylate copolymer (MAEA-CoP) and acryla-
mide-acrylic acid copolymer (AAmAA-CoP), have 
MWs of approx. 500 kDa and > 1000 kDa, respectively. 

The percentages of monomers in these two copolymers 
and, thus, their charge density, can vary.

PQs are cationic polymers containing quater-
nary ammonium groups. PQ-6, a homopolymer of 

Table 1 Water-soluble synthetic organic polymers considered in the present review

All considered polymers are used in cosmetic products
a Based on [39]
b Based on [40]
c Information on the molecular weight (MW) of the polyethylene glycols is part of their systematic name and therefore provided in column 2. For information on the 
MW of the other polymers, see Additional file 1: Tables S2 and S3
d International Nomenclature of Cosmetic Ingredients (INCI) names are used to identify cosmetic ingredients and to label cosmetic products in a harmonised way (see 
Additional file 1, Sect. 1)
e For the polyethylene glycols (PEGs), the technical names (column 1) are based on the average molecular weight (MW). The INCI names of the PEGs (column 4) refer 
to the average number of ethylene oxide (EO) monomers. For instance, a PEG with an average MW of 200 Da, which consists of 4 EO monomers, is termed PEG-200 
(technical name) or PEG-4 (INCI name)
f Generic CAS number
g Note that the INCI name ‘Acrylate Copolymers’ is used for copolymers of two or more monomers consisting of acrylic acid, methacrylic acid, or one of their simple 
esters, i.e., not only includes MAEA-CoP, but also other polymers (see, e.g., [40])
h Numbers of the polyquaterniums follow the numerical order of their INCI registration and do not characterise their chemistry

Considered polymer: 
technical name

Systematic  namea,b,c CAS  numbera, b INCI  nameb,d Polymer class

Non-ionic polymers: polyethylene glycols (PEGs)

 PEG-200e Poly(oxy-1,2-ethanediyl), 
α-hydro-ω-hydroxy-

(Average MW: 200 Da) 25322–68-3f PEG-4e Polyethylene glycols

 PEG-400e (Average MW: 400 Da) 25322–68-3f, 5117–19-1 PEG-8e

 PEG-600e (Average MW: 600 Da) 25322–68-3f PEG-12e

 PEG-1000e (Average MW: 1000 Da) PEG-20e

 PEG-1500e (Average MW: 1500 Da) PEG-32e

 PEG-4000e (Average MW: 4000 Da) PEG-90e

 PEG-6000 e (Average MW: 6000 Da) PEG-150e

 PEG-8000e (Average MW: 8000 Da) PEG-180e

 PEG-20,000e (Average MW: 
20,000 Da)

PEG-450e

 PEG-4,000,000e (Average MW: 
4,000,000 Da)

PEG-90 Me

Anionic polymers: homo- and copolymers of acrylic acid (AA-P&CoPs)

 Homopolymer of 
acrylic acid (P-AA)

2-Propenoic acid, homopolymer, sodium salt 9003–04-7, 25549–84-2 Sodium Polyacrylate Polycarboxylates: 
polyacrylates

 Methacrylic acid-ethyl 
acrylate copolymer 
(MAEA-CoP)

2-Propenoic acid, 2-methyl-, polymer with ethyl 
2-propenoate

25212–88-8 Acrylate  Copolymerg

 Acrylamide-acrylic acid 
copolymer (AAmAA-
CoP)

2-Propenoic acid, polymer with 2-propenamide, 
sodium salt

25085–02-3, 25987–30-
8

Acrylamide/Sodium 
Acrylate Copolymer

Polycarboxylates: 
polyacrylamides

Cationic polymers: polyquaterniums (PQs)

 Polyquaternium-6h 
(PQ-6)

2-Propen-1-aminium, N,N-dimethyl-N-2-propen-
1-yl-, chloride (1:1), homopolymer

26062–79-3 Polyquaternium-6h Polyquaterniums

 Polyquaternium-7h 
(PQ-7)

2-Propen-1-aminium, N,N-dimethyl-N-2-propen-
1-yl-, chloride (1:1), polymer with 2-propenamide

26590–05-6 Polyquaternium-7h

 Polyquaternium-10h 
(PQ-10)

Cellulose, 2-(2-hydroxy-3-(trimethylammonium) 
propoxy)ethyl ether, chloride

68610–92-4, 53568–66-
4, 54351–50-7, 55353–
19-0, 81859–24-7

Polyquaternium-10h

 Polyquaternium-16h 
(PQ-16)

1H-Imidazolium, 1-ethenyl-3-methyl-, chloride, 
polymer with 1-ethenyl-2-pyrrolidinone

95144–24-4 Polyquaternium-16h
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diallyldimethylammonium chloride (DADMAC), has a 
charge density of 6.2 meq/g (Additional file 1: Table S3). 
The considered PQ-6 grades have MWs of approx. 100–
200 kDa. PQ-7 is derived by copolymerising acrylamide 
and DADMAC. In PQ-7 grades used in cosmetics, the 
percentages of DADMAC typically range from 25 to 50%, 
charge densities from 0.7 to 6 meq/g, and MWs from 100 
to 5200 kDa. PQ-10 is produced by reacting hydroxyethyl 
cellulose with a trimethyl ammonium substituted epox-
ide. PQ-10 grades used in cosmetics have charge densi-
ties around 1 meq/g and MWs between approx. 100 and 
5200  kDa. Controversial information is available on the 
MWs of some PQ-10 grades (see Table  S3 for details). 
PQ-16 is derived by copolymerisation of 1-vinyl-3-me-
thyl-imidazolium chloride and vinylpyrrolidone. The 
considered PQ-16 grades have charge densities between 
approx. 2.2 and 6.1  meq/g, increasing with increasing 
percentage of 1-vinyl-3-methyl-imidazolium chloride, 
and MWs of approx. 40 to 400 kDa.

All of the here considered water-soluble polymers are 
not cross-linked or only cross-linked to a very limited 
extent (≤ 0.05%; see Additional file  1: Tables S1–S3). 
Extensive cross-linking of polymers leads to a loss of 
water solubility [37, 38].

Compilation and evaluation of data on environmental fate 
and effects
Data on the environmental fate of the considered poly-
mers, their potential for uptake and accumulation in 
environmental organisms, and their effects on aquatic 
and terrestrial organisms were compiled in a literature 
search using Scopus. The keywords comprised identi-
fiers for the polymers (names, synonyms, CAS num-
bers), processes (e.g., sorption, degradat*, bioaccumulat*, 
toxic*), compartment (e.g., environment, wastewater), 
and organisms (e.g., alga*, invertebrate*). The most rel-
evant search terms were used in supplementary internet 
searches to identify non-peer-reviewed literature. Addi-
tional data (safety data sheets, technical information and 
the main endpoints of confidential studies) were pro-
vided by IKW member companies. Previous evaluations 
of the environmental fate and effects of polymers were 
also considered, e.g., [7, 41, 42]. References listed in rel-
evant publications were checked for further information. 
Due to possible effects of formulation ingredients other 
than the considered polymers, ecotoxicity data for for-
mulated products were not taken into account.

The collected data including information on the tested 
polymer (e.g., MW and charge density), the used test 
method, the test result, and the reference are provided 
in the Additional file 1: Tables S4–S11. Reliability of the 
data was assessed according to Klimisch et al. [43] using 
four reliability classes: (1) reliable without restriction, 

(2) reliable with restrictions, (3) not reliable, and (4) not 
assignable. For a considerable amount of data (e.g., those 
from safety data sheets and those provided by IKW mem-
ber companies), only information on the main study end-
points was available. These data were included, but due 
to the lack of more detailed information on methods and 
results, their reliability had to be classified as ‘not assign-
able’ in most cases. Similarly, data reported in second-
ary sources, e.g., [18, 19, 31], are included and classified 
as ‘not assignable’, if the referenced original sources were 
not available (the original references are indicated in the 
SI). For data from HERA [19], the reliability classification 
as indicated in this report is adopted here, but could not 
be verified (see Additional file 1: Tables S6 and S10).

Results and discussion
Availability of data
Some previous evaluations of the environmental fate and 
effects of polymers mainly relied on confidential data 
submitted by industry to the US EPA [7, 41, 44] or pro-
vided by the UK Environment Agency and manufacturers 
[42]. Most of the used data were condensed or coded and 
can, thus, not be related to individual polymers. Several 
other studies lack sufficient information on the identity 
of the tested polymer. This applies to data for, e.g., ani-
onic polyacrylamides without further specification (ani-
onic polyacrylamides include acrylamide–acrylic acid 
copolymers, but also copolymers of acrylamide with 
other acids [45]). In some publications, only trade names 
of the evaluated polymers are stated, which could not be 
traced back to individual polymers (this information is 
often considered proprietary).

Furthermore, the evaluation of the collected environ-
mental fate and ecotoxicity data revealed that informa-
tion on the characteristics of the tested polymers was 
often rather limited. For most tests, only a mean MW 
without further specification  (MWn or  MWw), was pro-
vided. In some cases, information on the MW was lack-
ing or controversial. Information on charge density of 
anionic and cationic polymers was partly missing or 
rather general (e.g., “low” charge density). For the major-
ity of the compiled data, no details were publicly avail-
able on the content of residual monomers, oligomers, 
additives, and impurities of the investigated polymers. 
Therefore, an evaluation of the contribution of residual 
monomers, additives, and impurities (e.g., catalyst rem-
nants) to the potential environmental concern was in 
most cases not possible.

Often, only limited data were identified on the environ-
mental fate and effects of the considered polymers within 
the MW ranges as used in cosmetics. To derive gen-
eral conclusions and to illustrate trends regarding their 
environmental fate and effects, data for the respective 
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polymers with lower or higher MW were therefore also 
included in the present review. Data obtained with other 
polymers were included in some cases (e.g., [46]), espe-
cially when the database for the considered polymers is 
scarce.

Environmental fate of water‑soluble synthetic organic 
polymers
A considerable number of environmental fate data were 
identified for PEGs and P-AAs (mostly from [18] and 
[19]), while fate data for the considered copolymers of 
acrylic acid and the PQs were more scarce.

Sorption and complexation
Sorption behaviour of polymers is determined by hydro-
philic (e.g., hydrogen bonding), hydrophobic (e.g., van 
der Waals’ forces) and, for charged polymers, electro-
static interactions [47]. Because of the greater number of 
binding sites, sorption capacity generally increases with 
increasing MW of the polymer [48–50]. Sorption also 
depends on the chain architecture and molecular confor-
mation of the polymer. Entangling of long polymer chains 
can, for instance, result in lower sorption to particu-
late material than expected based on the MW [49–51]. 
Due to the length of the polymers and the large number 
of binding sites, some binding sites are almost always 
attached to the adsorption surface, preventing desorption 
[49, 51–54]. Based on so far limited scientific evidence, 
non-extractable residues (NERs) may be formed in sedi-
ments and sludge-treated soils [9].

Although there is clear evidence for the sorption and 
complexation behaviour of PEGs, AA-P&CoPs and PQs 
in general, only few solid-water (Kd) and organic carbon–
water (KOC) partition coefficients for sewage sludge, sedi-
ments, and soils were identified for the here considered 
polymers (Additional file 1: Table S4).

Polyethylene glycols Podoll et al. [55] found that, despite 
their good water solubility, PEGs (MWs: 600 Da, 1 kDa) 
showed considerable sorption to sediments (Table  S4), 
probably due to hydrophilic interactions with negatively 
charged sediment surfaces. Sorption correlated positively 
with the MW of the polymer and with the clay content of 
the sediments, but not with the organic carbon (OC) con-
tent of the sediment. With desorption rates of 17–37%, 
sorption of these low MW PEGs was only partly revers-
ible. Szymanski et al. [56] investigated sorption of PEGs 
[MW: not indicated (n.i.)] to native and formalin-pre-
served activated sludge using an experimental continuous 
activated sludge plant. The PEG concentrations on native 
sludge were 1.5–2.5 times lower than those on preserved 
sludge, a fact that was assumed to be due to biodegra-
dation of the PEGs on the surface of native sludge (see 

below). Thus, the interpretation of sorption studies with 
PEGs can be complicated by simultaneous biodegrada-
tion processes. Steber and Wierich [57] investigated the 
fate of 14C-labelled PEG (400  Da) in a continuous-flow 
model WWTP. The 14C-mass balance at test end (d 3) 
indicated considerable sorption of this PEG (and potential 
degradation products) to the sludge: 41% of the applied 
radioactivity was detected in the sludge and only 4% in the 
effluent (Additional file 1: Table S4).

Homo‑ and copolymers of acrylic acid Anionic polycar-
boxylates such as the considered AA-P&CoPs form com-
plexes with divalent and polyvalent cations that precipi-
tate if the concentration of the cations is sufficiently high 
[18, 19, 48, 58–61]. For P-AA, binding to  Ca2+ is expected 
to lead to the precipitation of the polymers in WWTPs 
and in most natural waters [60, 61].

Anionic polycarboxylates strongly sorb to positively 
charged surfaces, e.g., calcium sulphate and calcium car-
bonate [18, 52, 58]. If sufficient divalent or polyvalent cat-
ions are available to overcome the repulsion between the 
anionic polymers and negatively charged surfaces (e.g., of 
sewage sludge and soil/sediment minerals such as clay), 
anionic polycarboxylates also sorb to these surfaces [24, 
25, 50, 52]. Hence, under environmentally relevant con-
ditions, anionic polycarboxylates generally show strong 
sorption to activated sludge, soil particles, and other sol-
ids [18, 58, 62]. A Kd of 1,825 L/kg was determined for 
sorption of P-AA (16.1 kDa) to activated sludge ([19], see 
Table  S4). Note that AAmAA-CoPs with MWs ranging 
from approx. 3000 to approx. 20,000 kDa are used as floc-
culants in water treatment and are applied to soil for soil 
conditioning and erosion control. They cause agglomera-
tion (flocculation) of suspended solids, and the formed 
agglomerates are removed by settlement or flotation [22, 
24].

Polyquaterniums PQs and other cationic polymers 
strongly sorb to dissolved organic carbon (DOC), espe-
cially negatively charged DOC components (e.g., humic 
acids and lignin), and the resulting neutral complexes 
precipitate [7, 41, 63–65]. Sorption of PQs to humic 
acids increases with increasing charge density [66, 67] 
(Table S4). Moreover, PQs show strong sorption to nega-
tively charged surfaces, e.g., of sewage sludge, other sus-
pended solids, and sediment/soil minerals [12, 28]. For 
instance, PQ-6 (26 kDa, 6.2 meq/g) had a strong tendency 
to form complexes with bentonite clay [68].

In this context, it should be pointed out that the highly 
charged PQ-6 is also used as a coagulant and flocculent 
aid in wastewater treatment: it neutralises the charge of 
anionic DOC and suspended solids, which then agglom-
erate and flocculate together with the PQ-6 [28, 31].
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Abiotic degradation
Hydrolysis is generally not considered a significant route 
of degradation for synthetic polymers in the environment 
[12, 44]. Photolysis is regarded as of limited relevance 
for polycarboxylates (including AA-P&CoPs) and PEGs 
under environmental conditions [19, 24, 60, 69, 70]. For 
the considered PQs, no information was identified on 
photolysis.

Biodegradation and removal in WWTPs
Most synthetic polymers biodegrade slowly [7, 9, 12, 33]. 
Generally, biodegradation rates decrease with increasing 
MW. Accordingly, low MW constituents of a polymer are 
degraded more easily than higher MW material [18, 19, 
33, 71–73]. If polymers are too large for uptake by micro-
organisms, exoenzymes produced by some bacteria and 
fungi are crucial for the first steps of biodegradation, in 
which the polymer chains are cleaved into lower MW 
fragments. Fragments that are small enough for uptake 
into the cells can then be degraded by a wider range of 
microorganisms [74–76].

Polyethylene glycols PEGs are more accessible to biodeg-
radation than the other considered polymers. The evalu-
ated data show ready biodegradability of PEGs with MWs 
up to 4–14.6  kDa, depending on the test method, indi-
cating rapid and ultimate degradation in WWTPs and in 
most environments [77], whereas PEGs with higher MWs 
are not readily biodegradable (see Table S5). In combined 
 CO2/DOC tests, Bernhard et al. [71] recorded complete 
biodegradation (> 90% DOC removal, corresponding to 
70–95%  CO2 evolution) for PEGs with MWs ranging from 
250 Da up to 57.8 kDa. While PEGs with a MW ≤ 14.6 kDa 
were completely biodegraded within 20 days (including a 
lag-phase of up to 5 days), test durations of 45 days and 
65 days (including a lag-phase of approx. 22  days) were 
needed for complete biodegradation of PEGs with an MW 
of 26.6 and 57.8 kDa, respectively.

Most results of inherent biodegradability tests indi-
cate DOC removal rates > 70% for PEGs with MWs up 
to 20 kDa (Additional file 1: Table S5), i.e., the PEGs are 
likely to have a potential for degradation in well-oper-
ated WWTPs [77]. Note that in cases where only DOC 
removal rates are reported, adsorption processes may 
have contributed to the observed removal (see [78]). In 
a 50-d  CO2 production test, mineralisation rates of > 80% 
(1, 3.4, and 8  kDa) and 40% (20  kDa) were obtained 
[79]. Activated sludge from a previous semi-continuous 
activated sludge test with the same PEG was used as 
inoculum.

Several batch experiments with adapted and non-
adapted activated sludge also provide evidence for pri-
mary biodegradation and mineralisation of PEGs under 

aerobic and anaerobic conditions (Table S5). In a contin-
uous-flow model WWTP, 52% of the added 14C-labelled 
PEG (400 Da) was mineralised within 3 d [57]. Accord-
ing to information from safety data sheets, PEGs with 
MWs of 1.5 and 8 kDa were effectively removed from the 
wastewater in model WWTPs (Table  S5). Lara-Martín 
et  al. [80] measured the concentrations of PEGs (MW: 
n.i.) in influent (36–39 µg/L) and effluent (1.2–1.6 µg/L) 
of a North American WWTP, and derived a removal rate 
of 96–97%. In this context, it should be noted that PEGs 
are the main degradation products of alcohol ethoxylates 
and can, thus, be formed during the sewage treatment 
process [81–83].

Evidence for biodegradation in river water is available 
for PEG (300 Da): a primary biodegradation rate of 99% 
within 14 days was determined in a river water die-away 
test [84]. In artificial seawater inoculated with microor-
ganisms obtained from filters of a seawater aquarium, 
PEGs with MWs up to 2 kDa were completely degraded 
(DOC removal > 90%) within 37 days, whereas PEGs 
with a MW of 4.5 and 7.4 kDa needed 100 and 130 days, 
respectively, for complete biodegradation. At higher MW, 
PEGs were only partly degraded (DOC removal: 80% at 
MW of 10.3 kDa and 40% at MW of 14.6 kDa) within 180 
days. PEGs with MWs of 26.6 and 57.8  kDa showed no 
biodegradation within 135 days [71]. Traverso-Soto et al. 
[85] investigated primary degradation of PEG (400  Da) 
in an anaerobic marine water/sediment system. They 
derived a half-life of 18 days and a primary degradation 
rate of 93% after 169 days.

Polymers that were removed from wastewater with the 
sludge may reach the environment when sewage sludge is 
applied to land. Only few information is available on bio-
degradation of PEGs in soil. Abdalla et al. [86] evaluated 
biodegradation of 14C-labelled PEG (4 kDa) in three trop-
ical soils. Within 70 d, mineralisation (14CO2 production) 
rates were 5–10%, i.e., biodegradation was relatively slow.

Homo‑ and copolymers of acrylic acid In general, large 
addition polymers with carbon-to-carbon backbones, 
such as the considered AA-P&CoPs, biodegrade very 
slowly [33, 87]. In ready biodegradability (modified MITI 
and closed bottle) tests, biodegradation rates of P-AAs 
(MW: n.i.) were generally below 20%. It was assumed that 
only low MW material is degraded in these tests [58, 61]. 
Methacrylic acid–ethyl acrylate copolymers (MAEA–
CoP; 500  kDa) and acrylamide–acrylic acid copolymers 
(AAmAA-CoPs, 10,000  kDa) were also classified as not 
readily biodegradable [88, 89].

With regard to inherent biodegradability, results from 
semi-continuous activated sludge (SCAS) tests are avail-
able for P-AAs (1–215  kDa) that were often tested at 
relatively high concentrations (e.g., 20  mg/L; Additional 
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file 1: Table S6). Overall removal rates are dependent on 
MW, first decreasing from 45% (1 kDa) to approximately 
20% (2–3.4  kDa) and then increasing to 48% (23  kDa) 
and 95% (152 and 215  kDa) during 7  days [18, 19, 48]. 
Mineralisation of P-AA (4.5  kDa) was studied in SCAS 
tests with adapted sludge coupled with  CO2 production 
tests. Mineralisation rates of 8% (10–20  mg/L, 28  days) 
and 16% (1 mg/L, 45 days) were derived [48]. To analyse 
the mechanisms of removal of P-AAs (4.5  kDa) from 
wastewater, Freeman and Bender [48] conducted batch 
experiments (Additional file 1: Table S6). After addition 
of P-AAs (approx. 1 mg/L) to a suspension of autoclaved 
sewage sludge in distilled water, 85% of the polymers 
were removed from the water. The authors concluded 
that adsorption onto sewage sludge was the most rel-
evant removal process. Thus, overall removal of P-AAs 
in SCAS tests can be attributed to biodegradation being 
relevant at low MW (up to 1–2  kDa), and adsorption/
precipitation being most relevant at higher MW (see also 
[18, 58]).

In Zahn–Wellens tests, low overall removal rates < 10% 
(based on DOC reduction) were recorded for P-AAs 
(15 kDa [19]) and MAEA-CoP (500 kDa [89]).

Several WWTP simulation studies are available for 
P-AAs. As in inherent biodegradation tests, removal from 
the water is due to biodegradation (low MW P-AAs) and 
adsorption/precipitation (higher MW P-AAs [18, 58]). 
In  CO2 evolution tests with domestic activated sludge, 
biodegradation (mineralisation) of 14C-labelled P-AAs 
within 90 d decreased from 43% (1 kDa) to 19% (2 kDa) 
and 17% (10 kDa [18, 19]). The overall removal rates tend 
to increase with increasing MW (see Additional file  1: 
Table  S6 and [58]), but variation between the results of 
different studies is high. For instance, overall removal 
rates of 16–81% were reported for P-AAs with an MW 
of 4.5 kDa (Additional file 1: Table S6, [18, 19, 48]). Inter-
pretation of the data is hampered by the fact that, in 
many cases, relevant information, such as the polymer 
concentration, the suspended solid concentration, and 
the study duration, is not reported. In addition, different 
biodegradation rates can be caused by differences in the 
(not reported) MW distribution of polymers [33]. Gen-
erally, higher removal rates were obtained in tests with 
lower polymer concentrations [18]. For example, over-
all removal of P-AAs (4.5  kDa) was 75–76% at 1  mg/L, 
27% at 3 mg/L and 16% at 30 mg/L [18, 19]. Freeman and 
Bender [48] measured removal rates of 81% (1  mg/L), 
75% (3 mg/L), and 62% (10 mg/L) for P-AA (4.5 kDa) in 
laboratory-scale continuous activated sludge (CAS) tests 
using inocula from a WWTP treating municipal and light 
industrial wastewater (Table S6). They assumed that the 
decrease of removal rates with increasing polymer con-
centration is a result of the limited number of adsorption 

sites on the sewage sludge and point out that removal 
rates at concentrations likely to occur in WWTPs (gen-
erally < 1  mg/L) may be underestimated in experiments 
with higher polymer concentrations. For P-AA with an 
MW of 78 kDa, an overall removal rate of 78% was deter-
mined in an activated sludge simulation test [18].

Tertiary treatment of wastewater with ferric chlo-
ride  (FeCl3) was shown to lead to an effective removal 
of P-AAs by precipitation. Removal rates > 90% were 
obtained in a model sewage treatment plant (MW: 
4.5 kDa [18]) and in a CAS test (MW: n.i. [48, 60]).

For P-AAs with an MW of 2000–4000 kDa as used in 
cosmetics, experimental data on removal during waste-
water treatment are lacking. Based on the evaluated data, 
they are unlikely to be biodegraded to a significant extent 
in WWTPs. Yet, given that adsorption/precipitation pro-
cesses increase with MW, an effective removal can be 
assumed, especially in the presence of tertiary treatment 
with  FeCl3.

Similarly, no experimental data on removal during 
wastewater treatment were identified for the consid-
ered copolymers of acrylic acid. However, high removal 
rates can be assumed due to complexation with divalent 
and polyvalent cations and sorption to activated sludge. 
For anionic polyacrylamide-based flocculants used in 
WWTPs, it was estimated that approx. 95% of the poly-
mers are removed from the water during the flocculation 
step, while approx. 5% remain dissolved and are dis-
charged with the WWTP effluent [90].

Biodegradation in surface water was investigated with 
14C-labelled P-AAs in river water die-away tests. Dur-
ing the test period of 135 days, mineralisation (14CO2 
evolution) was incomplete and decreased with increas-
ing MW (20% at 1 kDa, 10% at 2 kDa and 7% at 10 kDa). 
Considerably higher mineralisation rates were measured 
when using pre-adapted river water (63% at 1 kDa, 15% 
at 10 kDa) or a mixture of river water and sediment (58% 
at 1 kDa, 37% at 2 kDa, and 12% at 10 kDa [18, 19]). The 
latter might be due to a higher biomass introduced into 
the system with the sediment. For the considered copoly-
mers of acrylic acid, no results of biodegradation studies 
in surface water were identified.

In sludge-treated soil, biodegradation of 14C-labelled 
P-AAs was slow: during an incubation period of 165 
days, mineralisation rates of 35% (1  kDa), 11% (2  kDa), 
and 5% (10 kDa) were obtained. For P-AA with an MW of 
4.5 kDa, a mineralisation rate of 6% was determined after 
81 days [18, 19]. Similarly, biodegradation of 13C-labelled 
P-AAs in agricultural soil was limited. Bai et  al. [72] 
derived mineralisation rates of 1.85%  (MWn: 219.5 kDa) 
and 0.91%  (MWn: 530.4  kDa) within 149 days. Based 
on the ratios of (a) the chain lengths and (b) the miner-
alisation rates of both polymers, they concluded that 



Page 8 of 20Duis et al. Environ Sci Eur           (2021) 33:21 

biodegradation mainly occurs at the terminal sites of the 
polymers.

Wolter et  al. [91] investigated biodegradation of 
14C-labelled AAmAA-CoP (MW: n.i.; 51% water-soluble 
and 49% cross-linked, not water-soluble constituents) in 
soil. Tube (T) and flask (F) reactors containing the poly-
mers, agricultural soil and, partly, ground wheat straw 
and white or brown rot fungi were exposed for 22 weeks 
(Table  S6). In soil without any additions, mineralisation 
rates were 1.1% (T) and 2.2% (F). Mineralisation rates 
were increased when ground wheat straw (T: 1.6%, F: 
3.1%) and additionally white rot fungus Pleurotus ostrea‑
tus (T: 5.3, F: 8.8%) had been added. In the reactors with 
P.  ostreatus, the percentage of water-soluble polymers 
was increased as compared to soil without additions. 
Wolter et  al. [91] assumed that the ligninolytic exoen-
zymes that are released by P. ostreatus led to a fragmen-
tation of the polymer and made it more accessible to 
further degradation.

Biodegradation of AAmAA-CoP (Superfloc 836A, 
12,000 kDa) was also investigated under field conditions. 
The copolymers were applied to agricultural soil and 
degradation was studied after 6 and 12  years using sta-
ble isotope (13C) ratios. A mean degradation rate of 9.8% 
per year was derived [92]. A very similar degradation rate 
was obtained for a polyacrylamide copolymer, which is 
not among the set of polymers considered in the present 
evaluation: Hennecke et al. [46] investigated the degrada-
tion of a 14C-labeled cationic polyacrylamide copolymer 
(6000 kDa, 30 mol% acrylamide) in sludge-treated soil in 
an outdoor lysimeter study. Throughout the 3-year test 
duration, MW of the polymer decreased significantly 
due to cleavage of the carbon backbone. A mineralisation 
rate of 22.5% within 2  years was derived. In this study, 
the formation of non-extractable residues (NERs) was 
also investigated. Throughout the test duration, levels of 
NERs were around 10% of the applied radioactivity. As 
noted by Hennecke et al. [46], the amount of NERs was 
probably underestimated, because a matrix-destructive 
extraction method was used.

Polyquaterniums Only very limited information was 
identified on biodegradation of the considered PQs. Most 
data originate from product safety data sheets for PQ 
grades used in cosmetics (Additional file 1: Table S7). PQ-6 
(> 10 kDa [31]), PQ-10 (approx. 400 kDa and 30,000 kDa 
[93, 94]), and PQ-16 (40–400 kDa [95–98]) are not readily 
biodegradable. For PQ-16 (100 and 400 kDa), mineralisa-
tion rates within 28 days were below 10% of the theoreti-
cal oxygen demand [95, 97].

According to ECCC and HC [31], PQ-6 (> 10  kDa) 
was found to be not inherently biodegradable. Inher-
ent biodegradability of PQ-7 and PQ-16 was studied in 

Zahn–Wellens tests: PQ-7 (MW: n.i.) showed 30–50% 
biodegradation [99], and for PQ-16, DOC removal rates 
of 20–70% (40 and 80 kDa [96, 98]) and 40–50% (100 kDa 
[97]) were obtained. No data were identified for PQ-10. 
More information is required to draw conclusions on 
inherent biodegradability of PQ-7, -10 and -16.

Experimental data on removal of PQ-6, -7, -10, and 
-16 during wastewater treatment are lacking. However, 
strong sorption of the positively charged PQs to the neg-
atively charged sewage sludge is likely to lead to an effec-
tive removal from wastewater. This is substantiated by 
the fact that PQ-6 is used in wastewater treatment, where 
it efficiently removes suspended material from the water 
phase [32, 100].

No data were identified on biodegradation of the con-
sidered PQs in surface water, sediments, and soil. In view 
of their sorptive properties, especially biodegradation of 
the PQs in sediments and (sludge-amended) soils should 
be evaluated.

Mobility in the environment
Due to their sorption behaviour, the considered polymers 
reach the terrestrial environment when sewage sludge 
is applied to land. While the amounts of sewage sludge 
applied to agricultural land have decreased strongly in 
some European countries (e.g., The Netherlands, Swit-
zerland, and Germany), agricultural use of sewage sludge 
is still common in other countries (e.g., Portugal and 
Spain [101]). Mobility of 14C-labelled P-AA with a mean 
MW of 4.5 kDa in sandy soil was evaluated in a lysimeter 
study with a duration of 10 weeks ([18], Additional file 1: 
Table S8). While 10% of the applied polymers were eluted 
with the percolate water, most polymers remained in the 
top 10–15 mm of the soil column. The eluted mobile frac-
tion was presumed to consist of low MW material [18, 
58, 61]. Similar or higher retention rates were recorded 
in soil column mobility studies, in which P-AA (4.5 kDa) 
was applied to sand and loam columns: 8% of the applied 
polymers were eluted from the sand columns and only 
0.5% from the loam columns ([102], Additional file  1: 
Table  S8). Since sorption increases with MW, it can be 
assumed that P-AAs with an MW of 2000–4000 kDa as 
used in cosmetics are likely to remain in the sludge or in 
the upper soil layer when applied with sewage sludge to 
soil. Desorption and elution to surface water or ground-
water are unlikely unless they degrade to smaller, more 
mobile fragments.

No experimental data on mobility in soil were identi-
fied for the other considered polymers. However, the 
results of the abovementioned outdoor lysimeter study 
with a 14C-labeled cationic polyacrylamide copolymer 
(6000  kDa, 30  mol% acrylamide) also indicate a very 
low polymer mobility in sludge-treated soil: 3 years after 
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polymer application, 93.5% of the total radioactivity was 
detected in the upper 10 cm of the soil columns [46]. Due 
to their sorption behaviour (section “Sorption and com-
plexation”) and considering the data discussed above, a 
low mobility in sludge and soil is assumed for higher MW 
PEGs, copolymers of acrylic acid, and, especially, PQs. In 
their screening environmental risk assessment of PQ-6 
(> 10  kDa), ECCC & HC [31] also concluded that the 
polymer is expected to strongly sorb to soil with limited 
partitioning to pore water. Similarly, Guezennec et  al. 
[24] point out that for polyacrylamide-based flocculants 
(including AAmAA-CoPs), mobility in soil and leaching 
to groundwater are limited by their strong sorption to 
sludge and soil and low desorption rates.

Polymers that are not removed from wastewater are 
discharged with the WWTP effluent into surface waters. 
Due to their sorptive properties, it can be expected that 
they are discharged in a sorbed form (sorbed to the resid-
ual organic material in the WWTP effluent [7]). In the 
aquatic environment, they are assumed to rapidly par-
tition to the sediment (see also [31]). This assumption 
should be verified in experimental studies with repre-
sentative polymers, given that apart from few Kd and KOC 
values (Additional file 1: Table S4), experimental data on 
the partitioning behaviour and mobility of the considered 
polymers in the aquatic environment are not publicly 
available.

Uptake and bioaccumulation of water‑soluble synthetic 
organic polymers
Experimental data on uptake and possible bioaccumula-
tion are lacking for the here considered polymers. In the 
following, their bioaccumulation potential is therefore 
discussed based on theoretical considerations and infor-
mation available for other polymers and non-polymeric 
substances. Uptake by passive diffusion is the most rel-
evant transport process, especially for uptake of sub-
stances from the surrounding aqueous medium [103], 
but also for uptake via ingestion. Substances have to 
cross diffusion barriers, such as mucous and respiratory, 
dermal or intestinal surfaces [103, 104]. Lipophilicity 
strongly favours transport across membranes [105], while 
ionizable hydrophilic chemicals have a low potential to 
cross biological membranes by passive diffusion and 
usually depend on active transport by ion pumps or ion 
channels [106]. Yet, such active transport mechanisms 
have so far not been described to be effective for poly-
mers [19].

Molecular size is considered as the main factor limiting 
the uptake of polymers through membranes and tissue 
barriers into biota [9, 11, 87]. For polymers with an  MWn 
above 1000 Da, absorption by aquatic organisms through 
respiratory membranes has been considered unlikely 

[7, 41]. For organic chemicals in general, there appears 
to be no clear size-related cut-off for bioconcentration 
[103, 107–109]. However, substances with an MW above 
600  Da tend to have bioconcentration factors < 1000 
[103], i.e., clearly below the threshold value of 2000 for 
classifying a substance as bioaccumulative specified in 
Annex XIII of the REACH regulation [110]. The MWs 
of the AA-P&CoPs, the PQs, and the higher MW PEGs 
considered in the present evaluation are clearly (often 
by orders of magnitude) above 600–1000 Da (Additional 
file 1: Tables S1–S3). These high MWs are very likely to 
hamper uptake of these polymers through biological 
membranes/tissue barriers into biota. Since PEGs with 
MWs up to 4–14.6 kDa are readily biodegradable (section 
“Biodegradation and removal in WWTPs”), there is no 
concern regarding their bioaccumulation.

Binding of substances to, e.g., dissolved organic mate-
rial reduces their bioavailability to aquatic organisms 
[103, 104]. Accordingly, sorption and complexation of 
the considered polymers (section “Sorption and compl-
exation”) are further factors limiting their uptake by dif-
fusion from the surrounding aqueous medium and, thus, 
their bioconcentration (see also [18, 19, 61]).

The uptake of polymers, which are bound to, e.g., sus-
pended solids, sediment, or soil, by ingestion deserves 
further attention [111]. For mammals, substances with 
MWs > 1000 Da [112] or “in the 1000s” [113] are consid-
ered too large to cross the intestinal membranes. How-
ever, the upper size limits for transfer across intestinal 
membranes should be investigated for environmental 
organisms from different taxonomic groups. It should 
also be verified if gastrointestinal processing may lead to 
the cleavage of polymers into smaller fragments.

Environmental effects of water‑soluble synthetic organic 
polymers
A simple classification scheme was used to categorise 
the aquatic toxicity of the considered polymers (Table 2). 
Most compiled effect concentrations are based on nomi-
nal polymer concentrations due to missing analytical 
verification of actual test concentrations. This is because 
sufficiently specific methods for chemical analysis are 
often lacking [11, 111, 114–117].

Aquatic organisms
Polyethylene glycols Most non-ionic polymers are con-
sidered of low concern for aquatic organisms [7, 12, 42, 
125]. This is corroborated by the ecotoxicity data com-
piled for the considered PEGs (Additional file 1: Table S9). 
Based on data from safety data sheets, PEGs with MWs 
ranging from 200 Da to 400,000 kDa are categorised as not 
toxic to aquatic microorganisms. In algal tests,  EC50 and 
 IC50 values > 100 mg/L (i.e., the highest concentration that 
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has to be tested in standard tests, see Table 2) were derived 
for PEGs with MWs ranging from 200 Da  to approx. 
6–8 kDa, indicating a lack of toxicity [126–130]. Chronic 
effect concentrations for algae are only available for PEG 
with an MW of approx. 6–8 kDa, which showed no toxic-
ity to Chlorella sp. [129, 130]. Acute toxicity of PEGs to 
crustaceans (Daphnia magna or Daphnia sp.) was in most 
cases absent  (EC50 > 100 mg/L; Table S9), while one test 
with PEG with an MW of 600 Da indicates low toxicity 
 (EC50: 53 mg/L [131]). With regard to chronic toxicity to 
crustaceans, only a single test was identified: a reproduc-
tion test with the cladoceran Moinodaphnia macleayi. In 
this test, PEG (approx. 6–8 kDa) was non-toxic (NOEC: 
750 mg/L [129, 130]). With  LC50 values > 100 mg/L, PEGs 
(200  Da–400,000  kDa) were shown to lack acute toxic-
ity to a number of fish species (Table S9). In a prolonged 
acute fish test, concentrations of 5 and 10 mg/L of PEG 
(400 Da) did not affect survival of carp (Cyprinus carpio) 
during a 21-day exposure [132]. Data on chronic effects of 
PEGs on fish were not available.

Homo‑ and  copolymers of  acrylic acid Numerous eco-
toxicity data were identified for P-AAs with MWs rang-
ing from approx. 1 to 215 kDa. However, all data originate 
from confidential studies with few experimental details 
available (Additional file 1: Table S10). For the considered 
copolymers of acrylic acid (MAEA-CoP and AAmAA-
CoP), the amount of ecotoxicity data linked to sufficiently 
specific information on polymer identity was relatively 
limited. Since anionic polycarboxylates form poorly solu-
ble complexes with divalent and polyvalent cations (sec-
tion “Sorption and complexation”), their aquatic toxicity 
is influenced by water hardness [7, 87]. However, details 
on water hardness in the ecotoxicity tests are often not 
reported, which hampers a detailed analysis of test results.

With effect concentrations > 100  mg/L, P-AAs 
(1–15  kDa) were categorised as non-toxic in activated 
sludge respiration inhibition tests [19, 48, 133], and the 
performance of model WWTPs was not affected by 
P-AA concentrations up to 30 mg/L (4.5 kDa) or 50 mg/L 

(78  kDa [18]). The considered copolymers of acrylic 
acid, MAEA-CoP (approx. 500  kDa), and AAmAA-CoP 
(10,000 kDa) also lacked toxicity to activated sludge and 
Pseudomonas putida, respectively ([89, 129], see Addi-
tional file 1: Table S10).

In algal growth tests,  EC50 values for P-AAs (1.4–
78  kDa) range from 3.13 to > 100  mg/L and chronic 
effect concentrations from 0.5 to > 100 mg/L (Additional 
file 1: Table S10). Two of the lowest  EC50 values (5.5 and 
7.6  mg/L) and the two lowest chronic effect concentra-
tions (0.5 and 0.54 mg/L) were reported for P-AAs with 
a very high oligomer content (40 and 49% [7]) that has 
most likely contributed to the toxicity. Notably, high-
est toxicity was recorded in standard algal growth media 
with a low water hardness (10–24 mg/L as  CaCO3). Based 
on the few available data, MAEA-CoP (approx. 500 kDa) 
and AAmAA-CoP (10,000  kDa) had no acute (both 
copolymers) and no chronic toxicity (AAmAA-CoP, 
tested in soft water) to algae (Additional file 1: Table S10). 
Based on their evaluation of data submitted to the US 
EPA, Boethling and Nabholz [7] concluded that P-AAs 
and other poly(aliphatic acids) have an indirect toxic 
effect on algae, which is caused by the chelation of cati-
onic nutrients  (Ca2+,  Mg2+, and  Fe3+). Chelation strength 
was found to depend on the distance between carboxylic 
acid groups: P-AAs, with carboxylic acid groups on every 
other carbon of their backbone, had higher algal toxicities 
than poly(aliphatic acids) with a lower or higher distance 
between their carboxylic acid groups as, e.g., MAEA-CoP 
and AAmAA-CoP (Additional file 1: Table S2).

The evaluated studies indicate that P-AAs (1–78 kDa), 
MAEA-CoP (approx. 500  kDa), and AAmAA-CoP 
(10,000–20,000  kDa) have no acute effects on crus-
taceans (Additional file  1: Table  S10). This is in line 
with the finding of Boethling and Nabholz [7] that at 
pH values around 7, poly(aliphatic acids) are usually 
not acutely toxic to daphnids. Chronic toxicity data for 
D. magna are available for P-AAs with MWs of 4.5 and 
78 kDa. For P-AA (4.5 kDa), NOECs range from 5.6 mg/L 
to > 100  mg/L (Additional file  1: Table  S10). Strongest 

Table 2 Classification scheme for acute and chronic aquatic ecotoxicity of the considered polymers (based on [118, 119] 
a, adapted)

a The classification schemes of Wagner et al. [118] and UN [119] were developed for aquatic toxicity data for algae, crustaceans, and fish
b Highest concentration that has to be tested according to OECD test guidelines 201 [120], 202 [121], and 203 [122]
c Highest concentration that has to be tested according to OECD test guidelines 211 [123] and 210 [124]

Ecotoxicity

No Low Moderate High

Acute  LC50 or  EC50  > 100 mg/Lb  > 10 to ≤ 100 mg/L  > 1 to ≤ 10 mg/L  ≤ 1 mg/L

Chronic NOEC or  EC10  > 10 mg/Lc  > 1 to ≤ 10 mg/L  > 0.1 to ≤ 1 mg/L  ≤ 0.1 mg/L
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effects were observed under conditions where precipita-
tion occurred [18, 19, 58]. An NOEC of 450  mg/L was 
derived for the soluble state of P-AA (4.5  kDa) and an 
NOEC of 12 mg/L for the precipitation product [18, 19]. 
For P-AA (78 kDa), NOECs > 100 mg/L indicate a lack of 
chronic toxicity to D. magna [18, 19]). No information on 
water hardness is provided for these data. For the con-
sidered copolymers of acrylic acid, only a single chronic 
crustacean test was identified. An NOEC of 1 mg/L was 
derived for the effects of AAmAA-CoP (10,000 kDa) on 
reproduction of the cladoceran M. macleayi in very soft 
(10–22 µS/cm) water [129, 130]. The chelation of  Ca2+ 
by AAmAA-CoP might have contributed to the toxic-
ity to M. macleayi, given that crustaceans need  Ca2+ for 
growth and moulting [134].

In short-term tests with other freshwater invertebrates, 
AAmAA-CoPs lacked toxicity. The polymers (MWs 
between 9000 and 17,000  kDa) had no acute effects on 
larvae and juveniles of four mussel species exposed in 
hard water [135]. Effects (10,000  kDa) on the popula-
tion growth rate of the polyp Hydra viridissima were 
only recorded at high concentrations (NOEC > 10 mg/L, 
 IC50 > 100  mg/L). They were mainly attributed to the 
viscosity of the polymer solutions, which appeared 
to reduce the probability of encounter between pol-
yps and their food. Results of an additional experiment 
with a flocculant formulation containing AAmAA-CoP 
(10,000  kDa) and a PEG showed that effects were miti-
gated when it was ensured that each polyp received suf-
ficient food [129, 130].

With  LC50 values > 100  mg/L, P-AAs (1–78  kDa), 
MAEA-CoPs (approx. 500  kDa), and AAmAA-CoPs 
(10,000–20,000 kDa) had no acute toxicity to fish (Addi-
tional file  1: Table  S10). Results of fish early life stage 
tests with zebrafish (Danio rerio) and fathead minnows 
(Pimephales promelas) showed that P-AA (4.5  kDa) 
lacks chronic fish toxicity [18, 48, 58]. For AAmAA-CoP 
(10,000–20,000  kDa), no effects on survival and growth 
were recorded in a 30-d test with lake trout (Salvelinus 
namaycush) fry. At very high concentrations of AAmAA-
CoP (≥ 150  mg/L), where viscosity of the test solutions 
was visibly increased, swimming behaviour was reduced 
and respiration was laboured [114]. In lake trout fry 
exposed for 96 h or 30 d to AAmAA-CoP in moderately 
hard water (76  mg/L as  CaCO3), effects on gill histol-
ogy were only detected at concentrations ≥ 300  mg/L 
and ≥ 150  mg/L, respectively [114]. The surfaces of fish 
gills are negatively charged [136]. In the presence of 
divalent cations, anionic polycarboxylates can sorb to 
negatively charged surfaces (section “Sorption and com-
plexation”). The histopathological changes are probably a 
response to respiratory stress caused by sorption of poly-
mers to the gill surface.

At higher water hardness, algal toxicity of poly(aliphatic 
acids) was found to be reduced [7, 87]. In addition, 
aquatic toxicity of anionic polymers is generally miti-
gated by their sorption to suspended particles and sedi-
ments [53]. Anionic polycarboxylates, which are released 
with WWTP effluents to surface water, are expected to 
have already bound to divalent and polyvalent cations 
and sorbed to suspended solids (section “Mobility in the 
environment”). Effects on aquatic organisms due to a 
chelation of cations are therefore unlikely to occur in the 
environment (see also [18]).

Polyquaterniums In laboratory tests, water-soluble cati-
onic polymers generally have a higher toxicity to aquatic 
organisms than anionic and non-ionic polymers. Their 
effects are thought to result from electrostatic interactions 
with negatively charged biological membranes, includ-
ing bacterial membranes, the outer cell wall of algae, and 
respiratory membranes such as the gills [41, 117, 125, 
137–139]. Aquatic toxicity of cationic polymers was often 
found to increase with increasing charge density, espe-
cially in water with a low OC content [7, 12, 42, 117].

For the four considered PQs, a considerable amount of 
ecotoxicity data was identified. However, for many data, 
only limited information on experimental details (includ-
ing the OC content of the test water) is available, a fact 
that partly hampers a detailed analysis of test results.

In activated sludge respiration inhibition tests, PQ-10 
 (EC50 > 1000  mg/L) and PQ-16  (EC20 > 100  mg/L) were 
non-toxic. Lower effect concentrations (PQ-7:  EC0 
between 10 and 100  mg/L; PQ-16:  EC10 values of 0.68 
and 0.92 mg/L) were obtained in cell multiplication inhi-
bition tests with P. putida (Additional file 1: Table S11). 
Differences between the results obtained in these two 
tests systems are most likely related to the fact that PQs 
strongly sorb to sewage sludge. The activated sludge con-
tent (1.5 g/L according to [140]) is assumed to limit the 
bioavailability of PQs and to mitigate their toxicity in 
activated sludge respiration inhibition tests.

Based on the compiled data, the PQs have a moder-
ate or, in most cases, high toxicity to algae:  EC50 values 
were 0.03 and 0.16  mg/L for PQ-6, 0.04–0.05  mg/L for 
PQ-10 and between 0.1 and 1.10  mg/L for PQ-16 [31, 
66, 96–98]. For three PQ-7 grades,  EC20 values of 0.06 
to 0.32  mg/L were determined in tests with Raphidoce‑
lis subcapitata with higher toxicity at higher charge den-
sity and lower water hardness ([117], Additional file  1: 
Table S11). NOEC values were 0.066 mg/L for PQ-6 [31], 
and 0.002 and 0.013  mg/L for PQ-10 [66]. Generally, 
algae were expected to be very sensitive to PQs and other 
cationic polymers [41, 141, 142]. Effects were attributed 
to a disruption of the negatively charged outer cell wall 
[117, 139]. At a sufficiently high concentration, PQs can 
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lead to a flocculation of the algae [32, 137, 143–145]. In 
this context, it is of note that some PQs are used as algi-
cides/swimming pool clarifiers [146]. Due to their floc-
culating properties, PQs may prevent a homogenous 
distribution of algae in the test medium [147, 148], a fact 
that may hamper evaluation of algal tests.

Acute toxicity to crustaceans (D. magna, Daphnia 
pulex, C. dubia) is absent to high depending on the poly-
mer (i.e., PQ-6, -7, -10 or -16), its charge density and 
MW, and water hardness. For the homopolymer PQ-6 
(6.2 meq/g),  LC50 values increase with MW, ranging from 
0.20 mg/L (25 kDa [149]) to 2.00 mg/L (200 kDa [150]). 
For three PQ-7 grades,  EC50 values range from 0.4 to 
10.3 mg/L, increasing at lower charge density and higher 
water hardness [117]. For PQ-16,  EC50 values increase 
with increasing MW and decreasing charge density 
from 0.1–1 mg/L (40 kDa, 6.1 meq/g [98]) to 31.5 mg/L 
(100  kDa, 2.0  meq/g [97]). Based on the available data, 
PQ-10  (LC50: 34–669  mg/L) has a low or no toxicity to 
daphnids. As specific information on the charge density 
and MW is partly lacking or controversial (see Additional 
file 1: Table S11), an evaluation of the effects of these two 
parameters on toxicity of PQ-10 is not possible. Informa-
tion on chronic toxicity to crustaceans is only available 
for PQ-6 (MW: n.i.; 6.2 meq/g). An  EC20 of 0.0042 mg/L 
was derived in a 7-d reproduction test with C. dubia, i.e., 
PQ-6 had a high toxicity to the daphnid [151]. Effects of 
cationic polymers on daphnids were attributed to bind-
ing of the polymers to the integument and appendages, 
resulting in an inhibition of swimming and feeding activ-
ity and an aggregation of the organisms (i.e., physical 
effects [149, 151–153]). Flocculation of the daphnids’ 
food (algae) may have contributed to the chronic effects 
on daphnids.

Acute fish toxicities of the considered PQs also cover 
the whole range, from absent to high. For PQ-16,  LC50 
values increase with increasing MW and decreasing 
charge density from 0.1–1  mg/L (40  kDa, 6.1  meq/g 
[98]) to 1–2.2  mg/L (100  kDa, 2.0  meq/g [97]). For 
the other PQs, an evaluation of the effects of MW and 
charge density is hampered by the fact that informa-
tion on these parameters is partly controversial (PQ-10) 
or lacking (Additional file  1: Table  S11). Most  LC50 val-
ues for PQ-6 (6.2 meq/g) range from 0.46 mg/L (25 kDa 
[149]) to 2.08  mg/L (MW: n.i. [114]), while higher  LC50 
values (10–100 mg/L; MW: n.i.) are reported in ECCC & 
HC [31]. Based on the few identified data, PQ-7 (4,300–
5,200  kDa, 1.6  meq/g) has a low fish toxicity  (LC50: 
10–100 mg/L [154]). For PQ-10,  LC50 and  EC50 values for 
loss of equilibrium range from 0.96 mg/L to > 100 mg/L 
[66, 155]. Chronic fish toxicity data were only avail-
able for PQ-6 (MW n.i.). In a 30-d test with lake trout 
(S. namaycush) fry, a NOEC of 0.5 mg/L was derived for 

survival and a NOEC of 0.25  mg/L for the non-stand-
ard test endpoint startle response ([114], see Additional 
file 1: Table S11). Toxicity of cationic polymers to fish has 
mainly been attributed to their binding to the respira-
tory membranes of the gills and the resulting interfer-
ence with oxygen exchange and ion regulation [31, 41, 
42, 114, 125, 137, 156]. In their studies with lake trout 
fry, Liber et  al. [114] also evaluated potential effects of 
PQ-6 (MW n.i., 6.2 meq/g) on gill histology. Acute (96 h) 
exposure of lake trout fry led to clear histopathological 
effects (see Additional file 1: Table S11), and hypoxia and 
impaired ionoregulation were considered as main causes 
for the observed toxicity of PQ-6. By contrast, no signifi-
cant effects on gill histology were recorded after chronic 
(30 d) exposure to concentrations up to 1.0  mg/L, pos-
sibly due to an adaptation of the fish to the respiratory/
ionoregulatory stress caused by the polymer.

In the presence of negatively charged DOC, suspended 
solids, and sediments, the aquatic toxicity of cationic 
polymers is strongly reduced as a consequence of sorp-
tion and charge neutralisation [7, 12, 41, 42, 87, 117, 125, 
137, 149, 157]. Such a reduction of toxicity was demon-
strated for the acute effects of PQ-6 on daphnids and fish: 
Cary et al. [149] exposed D. magna and P. promelas for 
48 and 96  h, respectively, to PQ-6 (25  kDa, 6.2  meq/g), 
either with or without (a) 50  mg/L of suspended solids 
or (b) 10 mg/L of DOC (see Additional file 1: Table S11). 
The presence of negatively charged suspended solids and 
DOC clearly reduced acute toxicity of PQ-6 to D. magna. 
Among the suspended solids, bentonite had the strong-
est mitigating effect (mitigation factor: 36), and among 
the DOC compounds, lignin (mitigation factor > 77). A 
mitigation factor of 37 was derived for humic acid. In 
the fish tests, bentonite and all used DOC compounds 
clearly reduced the toxicity of PQ-6, although the miti-
gating effects were less strong than in the daphnid tests 
(mitigation factors ≤ 14). Salinas et al. [117] investigated 
the effects of the addition of small amounts of humic acid 
(total organic carbon (TOC): 0.25, 0.5, and 1  mg/L) on 
the toxicity of three PQ-7 grades on algae and daphnids 
at different levels of water hardness (Additional file  1: 
Table S11). In the presence of humic acids, toxicity was 
reduced by factors of 2–16 (algae) and 2–11 (daphnids). 
Although to a lower extent than humic acids, water hard-
ness was also found to mitigate toxicity. This mitigation 
could be related to binding of  Ca2+ and  Mg2+ to the 
negatively charged surfaces of the test organisms, reduc-
ing the availability of binding sites for the polymers, or 
to effects of water hardness on the conformation of the 
polymer. Background TOC levels in the Daphnia test 
medium were found to range from 0.6 to 1.6  mg/L. In 
view of this fact and the considerable influence of TOC 
and water hardness levels (which were both within test 
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guideline limits) on toxicity, Salinas et al. [117] suggested 
a further standardisation of the test media used for 
aquatic toxicity testing of cationic polymers to improve 
reproducibility.

As mentioned before (section “Mobility in the envi-
ronment”), cationic polymers, which reach the aquatic 
environment with WWTP effluents, are assumed to have 
already sorbed to suspended solids or DOC. This fact fur-
ther reduces the probability of interactions between the 
polymers and the negatively charged surfaces of aquatic 
organisms and, consequently, toxic effects, in the receiv-
ing water. Hence, effect concentrations derived in stand-
ard ecotoxicity tests in water with a low TOC content 
(< 2 mg/L [158]) are likely to overestimate possible effects 
of cationic polymers released with wastewater effluents 
on aquatic organisms [7, 117, 150].

Sediment organisms
For the considered polymers, only a single, acute water–
sediment toxicity test was identified. In this 96-h test 
with larvae of the non-biting midge Chironomus riparius, 
an  EC0 > 4500 mg/kg dw was derived for P-AA (4.5 kDa), 
indicating no acute toxicity to chironomids ([18, 19], see 
Additional file  1: Table  S10). Chronic toxicity data for 
sediment organisms, which are required to characterise 
effects on sediment organisms [159], are lacking. Since 
uptake of the considered polymers into biota is limited, 
and toxicity in water-only tests is either low (PEGs) or 
mitigated by sorption to DOC (PQs) and particulate mat-
ter (AA-P&CoPs, PQs) and/or at higher water hardness 
(AA-P&CoPs, PQ-7), no or a low toxicity to sediment 
organisms is expected. However, this should be veri-
fied for representative polymers in chronic water–sedi-
ment toxicity tests with benthic deposit feeders (e.g., C. 
riparius, the oligochaete Lumbriculus variegatus, and 
the crustacean Hyalella azteca) that will ingest polymers, 
which are bound to sediment particles.

Terrestrial organisms
Results from laboratory toxicity tests with soil organ-
isms were only identified for P-AAs (few experimental 
details are available; Additional file 1: Table S10). All data 
demonstrate a lack of toxicity to terrestrial organisms: 
 EC10 values > 2500  mg/kg dw (4.5  kDa) were derived in 
28-day nitrogen and carbon transformation tests, and 
NOECs of 225 mg/kg (4.5 kDa) and 1000 mg/kg (78 kDa) 
in chronic plant tests. In addition, P-AA concentrations 
up to 1000 mg/kg (4.5 kDa, 78 kDa) had no acute effects 
on earthworms [18, 19]. Due to limited uptake into biota 
and the fact that (aquatic) toxicity is low or reduced by 
binding to DOC and particulate material, no or a low 
toxicity to soil organisms is likely for the other polymers. 
This assumption should be verified for representative 

polymers using chronic toxicity tests with sapropha-
gous organisms such as earthworms (e.g., Eisenia fetida), 
enchytraeids (e.g., Enchytraeus albidus), and isopods 
(e.g., Porcellio scaber), which will ingest polymers that are 
bound to soil particles.

Conclusions
A considerable number of data on the environmental 
fate and effects were identified for some of the selected 
water-soluble synthetic organic polymers, whereas data 
were more limited for others. Only few specific data were 
available regarding certain aspects, such as sorption and 
mobility in the aquatic and terrestrial environment. For 
many studies, information on the characteristics of the 
tested polymers and on experimental details was not 
publicly available. Accordingly, data reliability often had 
to be classified as ‘not assignable’. However, the compiled 
information was sufficient for deriving first conclusions 
and general trends regarding the environmental fate of 
the selected polymers and their effects on aquatic organ-
isms (see Fig. 1).

Generally, water solubility, charge, MW, and the per-
centage of low MW constituents are the polymer prop-
erties considered most relevant with regard to the 
environmental fate and effects of polymers [7, 8, 12, 42].

The considered polymers sorb to organic substances 
with sorption increasing at higher MW. In addition, the 
anionic AA-P&CoPs form poorly soluble complexes 
with divalent and polyvalent cations, and the cationic 
PQs strongly bind to DOC (including humic acids) and 
other negatively charged molecules. While the PEGs 
are more amenable to biodegradation, the considered 
AA-P&CoPs and (based on the very limited database), 
PQs biodegrade only slowly. Nevertheless, an effec-
tive removal of all considered polymers from the water 
is expected in WWTPs, mainly due to sorption and 
subsequent precipitation. For polymers discharged 
to surface waters with the residual content of organic 
material in WWTP effluent, a sedimentation and slow 
biodegradation is assumed. Experimental data on the 
partitioning behaviour and mobility of the considered 
polymers in the aquatic environment are required to 
verify this assumption. When sewage sludge containing 
the polymers is applied to land, the polymers are likely 
to mostly remain at the site of entry into the soil, where 
a slow biodegradation is expected. Under field condi-
tions, biodegradation rates of approx. 10% per year 
were determined for AAmAA-CoPs [92]. These bio-
degradation rates are much higher than those for plas-
tics, i.e., water-insoluble synthetic polymers (available 
rough estimates for the lifetime of plastics in the envi-
ronment are in the range of hundreds of years; see, e.g., 
[76, 160–162]. To evaluate a potential accumulation of 
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the considered polymers in sediment or soil over longer 
time periods, information on the amounts released to 
the environment and further data on biodegradation in 
sediments and soil would be required.

An uptake of the considered polymers through bio-
logical membranes and tissue barriers into biota is 
limited by their large size (considerably above 1  kDa; 
the only exception are the lower MW PEGs, which are 
readily biodegradable), their charge (AA-P&CoPs, PQs) 
and the fact that sorption and complexation processes 
reduce their bioavailability (cf. [11, 103, 104]). Hence, 
bioaccumulation of the here considered water-soluble 
synthetic organic polymers is unlikely to pose a prob-
lem in the environment.

Based on the evaluated ecotoxicity data, the non-ionic 
PEGs are generally considered non-toxic to aquatic 
organisms. The anionic AA-P&CoPs show no  to  low 
aquatic toxicity as also concluded in a recent study of 
DeLeo et al. [21]. Their effects result from a chelation of 
cationic nutrients [7] and from precipitation of the poly-
mers [19]. Given that anionic polycarboxylates that are 
discharged with WWTP effluents are expected to have 
already bound to cations and sorbed to suspended solids, 
these mechanisms of toxicity are unlikely to be relevant 
in the environment. In laboratory tests, the cationic PQs 
often had higher toxicities to aquatic organisms than 
the non-ionic and anionic polymers. Their effects were 
attributed to electrostatic interactions with the negatively 

Fig. 1 Overview of the environmental fate and aquatic toxicity of the considered water-soluble synthetic polymers based on the evaluated data. 
Note that in the present evaluation, data for polymers with lower or higher MW than used in cosmetic products were also considered
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charged surfaces of the test organisms (e.g., [139]). Tox-
icities of the PQs to aquatic organisms were found to 
range from absent (i.e., no toxicity) to high, depending 
on the polymer (PQ-6, -7, -10, or -16), its charge den-
sity and MW, the test organism, and test conditions. The 
presence of DOC, suspended solids and sediment miner-
als, and—as shown for PQ-7—an increased water hard-
ness mitigate aquatic toxicity of PQs (e.g., [117, 149]). 
Under typical environmentally relevant conditions, PQs 
are most likely sorbed to DOC (including humic acids) 
or suspended solids. This fact strongly reduces the prob-
ability of toxic effects on aquatic organisms. Still, the 
PQs appear as the most relevant in terms of ecotoxicity 
among the here considered polymers, and the depend-
ence of their toxicity on their structure and the environ-
mental conditions needs further investigation.

Results from laboratory toxicity tests with sediment 
and soil organisms were identified for P-AAs only, show-
ing no toxicity. As toxicity in water-only tests is low 

(AA-CoPs, PEGs) or strongly mitigated by sorption to 
DOC and particulate matter (PQs), no or a low toxicity 
to sediment and soil organisms could be assumed for the 
other considered polymers. However, this should be veri-
fied in water–sediment and terrestrial toxicity tests for 
representative polymers.

Relating exposure and effects to each other would be 
the next step towards an environmental risk assessment 
of the considered water-soluble synthetic organic poly-
mers. While key aspects driving the fate of the polymers 
were addressed in the present study, it was not possi-
ble to derive realistic exposure concentrations for the 
relevant environmental compartments (surface water, 
sediments, and sludge-treated soil). An estimation of 
exposure, e.g., using the fate model EUSES according to 
the REACH guidance, currently suffers from the public 
non-availability of production and import volumes, and 
the scarcity of specific data on solid-water partitioning 
and removal during wastewater treatment. Due to the 

Fig. 2 Open research questions and suggestions for future research that were identified in the present review, which is mainly based on publicly 
available data. The polymers, for which the respective data were not available, are indicated in brackets. It is proposed to perform the suggested 
studies with representatives of the respective polymer class. *: Chronic fish tests (fish early life stage tests) are only recommended for polymers 
showing acute fish toxicity. They should only be performed after careful consideration of non-animal test methods, and if triggered in an 
environmental risk assessment
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lack of sufficiently specific analytical methods, monitoring 
the concentrations of a given polymer in the environment 
is an extremely difficult task [11]. Hence, while data on 
toxicity to aquatic and, for P-AAs, benthic, and terrestrial 
organisms suggest low environmental concerns for the 
here considered polymers, this conclusion must be seen 
as preliminary given the absence of publicly available data 
on actual environmental exposure. Future evaluations of 
the environmental risks of polymers would greatly ben-
efit from improved public availability of data, and further 
investigations of the behaviour and effects of polymers 
under environmentally relevant conditions. Figure 2 pro-
vides an overview of the most relevant research needs 
and of suggestions for future research. With regard to the 
assessment of ecotoxicity, the evaluation of available data 
suggests that methods may need to be adapted to account 
for the properties of the respective polymers, and further 
standardised to improve reproducibility (see also [117]). 
The composition of the test media (particularly hardness 
and TOC) and the experimental design (e.g., use of freshly 
prepared or aged polymer solutions) appear the most 
relevant aspects that require (further) standardisation 
for polymer testing. Moreover, guidance is needed with 
regard to mitigating factors in the European regulatory 
framework. In the U.S. framework, the mitigating effects 
of water hardness and DOC are considered when assess-
ing potential environmental risks caused by poly(aliphatic 
acids) and cationic polymers, respectively [7, 12]. Mitiga-
tion approaches are also considered when assessing envi-
ronmental risks of non-polymeric cationic substances 
[158].
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