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biodegraded and used as a carbon source, unlike the sili-
cone coating which was not biodegraded.
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Introduction

National and European regulations such as REACH (Regis-
tration, Evaluation and Autorisation of Chemicals) encour-
age industries to progressively replace potentially hazard-
ous substances they might use by environmentally friendly 
substances. In coatings and ink industries, photo-induced 
crosslinking has become a mainstream technology for 
many applications because it provides products with bet-
ter properties, sush as glossness, durability and abrasion 
resistance [1]. This technology is considered as a “green” 
one [2, 3] because it allows instant curing with low energy 
consumption and low emissions of volatile organic com-
pounds. One of the application fields for UV curing is sili-
cone release coatings. These ones are commonly obtained 
by photopolymerization of silicone acrylate monomers in 
the presence of a radical photoinitiator such as Darocur 
1173 (2-hydroxy-2-methyl-1-phenylpropan-1-one) [4–7].

During the UV curing process at industrial scale in 
this field application, photoinitiator is generally applied in 
excess in order to favour its reactivity, usually at concentra-
tions ranging from 2 to 10% (by weight of the total photo-
cured formulation). Consequently only part of the photoini-
tiator is actually consumed in the reactional process [7, 8]. 
In the case of Darocur 1173, it is considered that only about 
10% of the amounts applied are converted. The coated 
products therefore retain most of the amounts of Darocur 
initially added [8–10]. Due to the small size and molecular 
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weight (164.2 g  mol−1) of the molecule and its hydrosolu-
bility, its migration within the coatings and transfer from 
the film surface into an aqueous phase seems quite possi-
ble. Green (2010) has reported that Darocur 1173 can be 
readily extracted from cured coatings with various solvents 
in Soxhlet extraction [8]. Unless the coated products are 
liberally washed, the residual amounts of Darocur remain-
ing within the cured coatings are therefore available for 
potential release into environmental media if the products 
are contacted with water during their use and/or at their 
end-of-life stages.

Regarding the products’ end-of-life, little is known on 
the fate and behavior of solid polymers, and especially 
silicone coatings in the different waste treatment processes 
like wastewater treatment plants or landfills [11]. The fate 
of silicone in the environment has been extensively studied 
in the 1990s until the early 2000s by Dow Corning Com-
pany. Indeed, following a very strong market development 
of these products, producers have widely communicated 
to reassure consumers about the non-toxicity of the deg-
radation products for themselves and for the environment. 
Since those years, very few studies on their end-of-life have 
been published [11] and to our knowledge no work has 
been yet published on silicone acrylates or Darocur 1173. 
Thus, special care has to be paid to potential emissions of 
photoinitiator and acrylate monomers and the fate of these 
substances in the environment. Although data are available 
from the safety data sheet of Darocur 1173 on its biodeg-
radability under aerobic conditions (Table 1), no data have 
been reported yet under anaerobic conditions. In fact, the 
disposal of solid silicone waste varies from one country 
to another, but in most cases they are landfilled or incin-
erated. When photocrosslinked silicone materials are pre-
sent in landfills, they may be degraded by chemical and/
or biological processes under anaerobic conditions. Biotic 
and abiotic factors are interconnected. Microbial activities 
can have direct effets on the materials but undirect altera-
tions are also possible through the production of aggressive 
metabolites and / or the changes induced in physico-chem-
ical conditions [12, 13]. For example, microbial produc-
tion of organic acids under anaerobic conditions can induce 
acidification of the medium [12].

The objective of the present study was therefore to 
develop and apply an exploratory experimental approach to 
assess the potential physico-chemical and biological degra-
dation of silicone acrylates under the effect of factors which 
they may be exposed to during the use of the coated prod-
ucts or at their end-of-life stages. Leaching and hydrolysis 
of the silicone acrylate polymers was assessed by follow-
ing the release of photoinitiator Darocur 1173 from thick 
coatings and thin coated plastic films at different pH. The 
biodegradability of these films and Darocur 1173 was also 
studied under aerobic and anaerobic conditions. Further-
more, the effects of these phenomena on the biodegrada-
tion of a reference biodegradable molecule (glucose) were 
monitored under aerobic and anaerobic conditions in order 
to assess a potential inhibition of microbial activity.

Elaboration and Characteristics of Test Materials

Thick UV Silicone Coating

Silicone coatings supplied by Bluestar Silicones were 
synthesized by mixing 98% (w/w) silicone acrylate oil 
provided by Bluestar Silicones company (700–800  cPs 
at 25 °C, Mn = 8000, Mw = 20,000  g  mol−1, Đ = 2.4) and 
2% (w/w) photo-initiator 2-Hydroxy-2-methyl-1-phenyl-
propane-1-one (Darocur 1173, 97%,  MW = 164.2  g  mol−1, 
CAS N° 7473-98-5) (Fig. 1a) purchased from BASF. The 
mixture was stirred for 5  min, purged with nitrogen  (N2) 
gas for 1 min to deoxygenate the system and deposited to 
synthesize solid films of 800 µm-thick and 2 mm-thick on 
Teflon plate. The conditions used for UV curing are opti-
mized conditions, thus photocrosslinking was performed by 
exposing the formulation for 3 s to UV light at a wavelength 
of 280 nm and room temperature in a Labcure UV tunnel, 
consisting in a medium pressure mercury lamp operated 
at 300 W (Heraeus-Bulb) and a conveyor belt moving at a 
speed of 10 m min−1. UV exposure was done under inert 
atmosphere (100%  N2) to avoid reaction with oxygen. A 
mass of 20 mg of Darocur 1173 was used in the initial for-
mulation for the production of 1 g of thick coating.

Table 1  Aerobic biodegradation of Darocur 1173 according to the safety data sheets of the molecule

Ciba Sigma-Aldrich BASF

Date of data sheet revision 12/03/2008 01/12/2014 01/07/2011
Test method OECD 301D OECD 301 B OECD 301B, ISO 9439, 92/69/EEC
Degree of elimination 59% (28 days) 90–100% (28 days) 90–100% (28 days)
Evaluation Not readily biodegradable Readily biodegradable Readily biodegradable
Bioaccumulation No data No data Not expected in organisms
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The chemical structure of silicone acrylate 
oil is  MD85D*M7.5 (with D* motif = SiMe 
 (CH2)3OCH2CHOHCH2OCOCHCH2) (Fig. 1b).

M motifs = Me3SiO.
D motifs = Me2SiO2.

Thin UV Silicone Acrylate Coating on Plastic Films

The formulation prepared as explained above was depos-
ited as a 1  µm-thick coating on 86  µm-thick LDPE film 
(low density polyethylene) at a load of 2.57 g m−2.

The coated films were placed on a conveyor moving 
at 100 m min−1 (wich corresponds to a residance time of 
about 0.2 s) and cured on a pilot machine equipped with a 
solvant headless five cylinders (Rotomec Brand) by expos-
ing to UV light at 280  nm using a mercury lamp (UV 
HONLE Princoncept) set at 100  W  cm−2. Coated films 
were taken immediately at the exit of the machine and the 
amount of coating deposited mentioned above (g m−2) was 
measured by X-ray fluorescence. A mass of 3 mg of Daro-
cur 1173 was used in the initial formulation for the produc-
tion of 5.21 g thin-film coated LDPE test samples (see sec-
tion below).

The Rigaku NEX QC is a Benchtop Energy Dispersive 
X-ray Fluorescence (EDXRF) spectrometer which was used 
for elemental analysis of silicon in film coatings on solid 
substrates.

In EDXRF, low energy “soft” X-rays (1-50  keV) are 
emitted from an X-ray tube. These source X-rays enter the 
sample and cause the atoms in the sample to fluoresce their 
own characteristic low energy “soft” Xrays. These fluores-
cent X-rays are captured by the detector and counted by a 
multi-channel analyzer. The NEX QC software then cal-
culates the concentration of each element present in the 
sample.

The X-ray analysis gives a signal proportional to the Si-
atoms concentration in the coating. Calibration curves in 
X-ray units are used to calculate the actual silicone coat.

Leaching Tests’ Protocol

Aliquote masses of 1 g of thick-films and 5.21 g of thin-
film coated LDPE were separately cut into small pieces 
of 1 cm2 and introduced into 150 mL high-density poly-
ethylene flasks (HDPE) containing 50 mL of de-ionized 
water (pH = 6.5; 18 MΩ  cm−1, Veolia water STI) for 
thick films and in 50 mL high-density polyethylene flasks 
(HDPE) containing 20  mL of de-ionized water for thin 
films. The flasks were placed in an orbital shaker oper-
ated at 9  rpm and room temperature (25 °C) for 15–20 
days. All experiments were performed in triplicates. Sev-
eral types of blanks were also performed in triplicates in 
which flasks containing (i) de-ionized water alone or (ii) 
a solution of Darocur 1173 at a known concentration in 
de-ionized water at different pH, or (iii) uncoated LDPE 
pieces and de-ionized water, were treated in the same 
manner as the assays. The solutions were sampled at dif-
ferent times and analyzed for Darocur 1173 by UV spec-
trophotometry. The main possible products from Darocur 
photo-degradation (benzaldehyde and benzoic acid [4]) 
were analysed by U-HPLC (Ultra-High Performance Liq-
uid Chromatography).

Leaching tests with thin-film coated on LDPE were 
also performed following the same protocol but using 
acidic (pH 2 with HCl Chimie-Plus Laboratories, 37%) or 
alkaline solutions (pH 12 with NaOH Chimie-Plus Labo-
ratories, 98%) instead of de-ionized water as a leachant.

Analytical Methods

Darocur 1173 was analyzed using a Jasco V 630 Spectro-
photometer set at a wavelength of 247  nm. Quartz cells 
of 1  cm path length were used, with de-ionized water 
as a reference. A calibration range of Darocur 1173 was 
prepared in de-ionized water from 1.56 to 20  mg  L−1. 
The calibration curve was linear with optical density 

Fig. 1  Chemical structure of 
Darocur 1173 (a) and silicone 
acrylate oil (b)
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ranging from 0 to 0.89. Leaching solutions were diluted 
before analysis, if necessary, to be within this range of 
absorbance.

U-HPLC was used to separate Darocur 1173 from its 
possible photo-products before specific analysis. Benzal-
dehyde and Darocur were analysed using a ThermoFisher 
Scientific series instrument equipped with a  C18 column 
operated at 20 °C (X-Bridge BEH, 2,5  µm, 4.6 × 75  mm) 
and a DAD detector set at 247 nm. The mobile phase was 
a water/acetonitrile solution with 0.1% formic acid pumped 
at a flow rate of 0.8 L min−1, which composition was var-
ied as follows: 85:15 w:ac (v/v) to 60:40 w:ac (v/v) for the 
first 12 min, then 85:15 (v/v) w:ac for 3 min followed by 
5  min of stabilisation, where w = water and ac = Acetoni-
trile. Calibration was performed between 1 and 10 mg  L−1 
with Darocur 1173 and from 0.1 to 0.5 mg  L−1 for benza-
ldehyde. The LOQ (Limite of quantification) for both ben-
zaldehyde and Darocur 1173 was 100 µg  L−1.

Benzoic acid was analyzed in the same manner, but the 
mobile phase was a 50:50 (v/v) water/acetonitrile solution 
with 0.1% formic acid pumped and UV detection was set 
at 234 nm. Retention time was 2 min. Calibration was done 
between 0.5 and 2 mg  L−1 and the LOQ was 100 µg  L−1.

Microbiological Degradation

Aerobic Biodegradation

Aerobic biodegradability was assessed using OxiTop 
systems (WTW Ltd) at 30 °C according to OECD 301F 
guidelines [14]. The device used is illustrated in Fig.  2a. 
Glass bottles of 500  mL were used in which were intro-
duced 88  mL of de-ionized water, 2  mL of activated 

sludge taken from the municipal wastewater treatment 
plant of La Feyssine (Villeurbanne, France) and previ-
ously starved for 2 weeks, and 10 mL of minimal medium 
 (KH2PO4 = 28.25  g  L−1,  K2HPO4 = 146.08  g  L−1,  CaCl2, 
 2H2O = 3.66  g  L−1,  NH4Cl = 28.64  g  L−1,  MgSO4, 
 7H2O = 3.66  g  L−1,  FeSO4,  7H2O = 0.70  g  L−1,  ZnSO4, 7 
 H2O = 0.40 g L−1).

Four types of samples were tested as substrates: (a) 
800 µm thick-films (30 mg) ; (b) pure silicone oil (50 mg) 
or (c) pure Darocur 1173 (50 and 100 mg) and (d) thin-film 
coated LDPE (5.21 g). LDPE films were cut into pieces of 
1 cm2 prior to incubation. Some bottles were spiked with 
100  mg of glucose used as a readily biodegradable refer-
ence cosubstrate to assess possible inhibitory effect of 
tested materials.

Anaerobic Biodegradation

Biochemical Methane Potential (BMP) was measured to 
assess anaerobic biodegradation following USEPA, OPPTS 
835.5154 guidelines [15]. The device used is illustrated 
in Fig.  2b. Glass bottles of 250  mL were used, in which 
were introduced 75 mL of anaerobic sludge taken from the 
municipal wastewater treatment plant of La Feyssine (Vil-
leurbanne, France) and previousely starved for 2  weeks, 
and 25  mL of mineral medium  (KH2PO4 = 0.97  g  L−1, 
 Na2HPO4,  12H2O = 4.03  g  L−1,  NH4Cl = 1.91  g  L−1, 
 CaCl2,  2H2O = 0.27  g  L−1,  MgCl2, 6  H2O = 0.36  g  L−1, 
 H3BO3 = 0.005  g  L−1,  ZnCl2 = 0.005  g  L−1, 
 CuCl2 = 0.003 g L−1,  CoCl2,  6H2O = 0.1 g L−1). Four types 
of samples were tested as substrates: (a) 800  µm thick-
films (30  mg), (b) pure silicone oil (50  mg) or (c) pure 
Darocur 1173 (50 and 100 mg); (d) thin-film coated LDPE 
(5.21 g). LDPE films were cut into pieces of 1 cm2 prior to 

Fig. 2  Experimental apparatus 
to assess aerobic (a) and anaero-
bic (b) biodegradation
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incubation. Some bottles were spiked with 900 mg of glu-
cose used as a readily biodegradable reference cosubstrate 
to assess possible inhibitory effect of tested materials.

Biogas volumetric production was monitored by periodi-
cal manometric measurements (Digitron manometre) done 
at 35 °C, and the results expressed as cumulative volume of 
biogas under normal conditions of temperature and pres-
sure (0 °C, 1 Atm).

Biogas was regularly analyzed for  CH4,  CO2,  O2 and 
 N2 using a portable Agilent G2890A-P200H gas chroma-
tograph equipped with a microcatharometer detector. Gas 
samples were injected simultaneously in two parallel col-
umns (PoraPlotU 8 m × 0.32 mm ID, 0.5 µdf and Molsieve 
55 Å 10 m/PPU 3 m) and helium was used as a carrier gas. 
Standard mixtures (Spancan Calibration Gaz) of  CO2 and 
 CH4 at known concentrations diluted at 40 or 60% in air 
were used for calibration. Data acquisition was performed 
with Soprane (SRA Instruments) software. Methane con-
tents in biogas between two sampling times were estimated 
by linear interpolation.

Blanks and Replicates

Blanks with no substrates nor glucose and blanks with glu-
cose alone (100 mg and 900 mg for aerobic and anaerobic 
tests, respectively) were carried out following the same 
protocol to assess the endogenous activity of the sludge and 
its potential chemotrophic activity. Other blanks were fol-
lowed by incubating uncoated LDPE pieces.

All assays and blanks were perfomed in triplicates. 
Assays using coated LDPE films were not carried out at the 
same time as with thick films, and therefore two series of 
blanks were performed (blanks with no substrates nor glu-
cose and blanks with glucose).

Results and Discussion

The experimental methodology developed in this study 
aimed at evaluating the potential release of the residual 
amounts of Darocur 1173 from the silicone films into the 
environment via transfer into water. Leaching tests were 
done in that purpose. It was also considered necessary to 
evaluate the potential biotic and abiotic degradation of the 
films since these phenomena may accelerate the release of 
Darocur. Leaching tests were therefore done at different pH 
to estimated potential acidic or alkaline hydrolyses of the 
films, and biodegradation tests were conducted.

Leaching of Darocur 1173 from Thick and Thin Films

Results obtained with 2  mm-thick and 800  µm-thick 
coatings are shown in Fig.  3. It was observed that the 

photo-initiator used in the formulation (i.e. 20 mg g−1 of 
sample) was strongly released (up to 90%) from the two 
tested materials within about 8  days of leaching. This 
result suggested a recombination of the unreacted free 
radicals into the original molecule (Darocur 1173) dur-
ing silicone acrylates photocrosslinking. It indicated that 
Darocur was not strongly trapped within or bound to the 
silicone matrix.

Figure 3 also showed that the kinetics of leaching was 
dependent upon the thickness of silicone thick coating. 
Leaching was faster when the thickness decreased. Close 
to 18  mg of Darocur were released in 30  min from the 
800 µm-thick samples, as compared to about 5 mg observed 
from the 2  mm-thick samples. However, after 4  days the 
final quantity of photoinitiator released is quite similar and 
could be attributed to the time required to migrate out of 
the sample. According to Green, 2010 [8], migration of 
Darocur 1173 can be influenced by other factors, includ-
ing above all the polymer matrix itself, the entanglement 
of free photoinitiator in the polymer, the degree of cross-
linking and the nature of the medium in which it is used.

Fig. 3  Time course of Darocur 1173 leaching into de-ionized water 
from 2 mm-thick and 800 µm-thick films

Fig. 4  Release of Darocur 1173 and silicon over 15 days of leaching 
in de-ionized water (pH 6), acidic (pH 2) and alkaline (pH 12) aque-
ous solutions of LDPE coated films
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Results obtained with thin films are shown in Fig.  4. 
It can be seen that around 4.6  mg (corresponding to ca. 
22% of the Darocur 1173 used in the formulation) was 
released into water in 15 days from silicone coated LDPE. 
The release of Darocur was therefore found to be much 
lower from thin coated films (Fig. 4) than from thick films 
(Fig.  3). This observation was explained by the fact that 
photocrosslinking could be more effective within a thin film 
than thick ones during UV exposure. Indeed, it has been 
demonstrated that highly cross-linked polymers reduce 
the extraction of the photoinitiator by entanglement [8]. 
The thick films provided by the manufacturer were used in 
the present study to optimize the analytical methodology. 
They were not meant to be representative of any indus-
trial applications fields since their thickness (mm) is much 
higher than that of the films (µm) actually used in practice 
as release coatings for adhesives. Given the very differ-
ent thicknesses of the two types of coatings, the degree of 
crosslinking in each film is very probably quite different.

Figure 4 also showed that Darocur leaching from coated 
LDPE films was affected by the pH of the leaching solu-
tion. Over 15 days of leaching, 42% of Darocur 1173 was 
released at pH 2, 22% at pH 6 and 25% at pH 12. Blanks 
with uncoated LDPE films confirmed that under the condi-
tions of the leaching tests these films did not release any 
compound which may have interferred with Darocur 1173 
analysis. Moreover, the stability of Darocur 1173 in aque-
ous solutions at the different pH was also verified. In order 
to explain the differences of Darocur 1173 release at dif-
ferent pH, silicon released in solution from silicone coat-
ing was analysed by Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES) which gives the rate 
of silicone network hydrolysis (Fig. 4). Furthermore, after 
15 days of leaching the basic solution became cloudy. This 
phenomenon could explain a possible significant release 
of Darocur 1173 after silicone layer hydrolysis but whose 
analysis was limited by silicon accumulation in solution 
or physico–chemical interactions (probably adsorption) 
between silicone byproducts and Darocur 1173. This could 
be also explained by the Polyacrylic acid (PAA) formation 
for which solubility increased with increasing pH (pH ≥8) 
[16].

Figure  4 shows that a significant amount of released 
silicon was not necessarily followed by a significant 
amount of released Darocur 1173. Indeed, a high rate 
of silicon at pH 12 was not linked with a large release 
of Darocur 1173. Similar results by using different sili-
cone elastomers were obtained by Laubie, 2012, regard-
ing catalyst concentrations, his findings are completely 
the opposite in all conditions (pH 2, pH 6, pH 12) with a 
very high Si concentration at pH 12 but a very high con-
centration of catalyst at pH 2 indicating that catalyst is 
not strongly trapped by the silicone matrix (no chemical 

or physical bonds) [11]. Other studies showed that the 
solubility of silica increases at high pH especially for pH 
>9 [17]. In fact in organic chemistry, acids or bases pro-
moted hydrolysis reactions, proceeding through a nucle-
ophilic substitution mechanism [18]. In base catalysed 
hydrolysis, an electrophilic carbon acts as a reaction 
site for nucleophilic attack. Silicon is much more elec-
trophilic than carbon and, thus, more prone to undergo 
hydrolysis reactions [19]. Indeed, Goudie et  al., 1998 
show that hydrolytic degradation of silicone elastomers 
only becomes appreciable at pH values of the aqueous 
media smaller than 2.5 and greater than 11 [20].

The relatively strong release of PI into water observed 
in the leaching tests within a relatively short time (around 
4 days or less) therefore revealed the mobility of the 
residual molecules of PI remaining in the silicone coating 
after its synthesis. In scenarios where coated materials 
would be contacted with water, eitheir during their use 
(for example exposure to rain in case of outdoors uses) or 
at their end-of-life stages (domestic wastewater treatment 
plants or municipal solid waste sanitary landfills), PI may 
migrate within the coating and be released into water 
and transported to environmental targets with potential 
impacts.

Biodegradability Under Aerobic Conditions

Results obtained with 800  µm thick silicone coatings 
containing Darocur 1173, silicone oil or Darocur 1173 
are shown respectively in Figs.  5 and 6. Respiration of 
the blanks spiked with glucose indicated that the starved 
sludge was in a good state with around 70% glucose bio-
degradation. The assays with Darocur 1173 spiked with 
glucose showed that Darocur did not inhibit glucose bio-
degradation. Similarly, the assays with silicone coating or 
silicone oil spiked with glucose also showed no inhibitory 

Fig. 5  Cumulated oxygen consumptions in 28 days of aerobic incu-
bation at 30 °C using as carbon sources glucose alone (Glu) as blanks, 
800 µm thick silicone coating alone (Sil 800 µm) or spiked with glu-
cose (Sil 800 µm + glu)
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effect on glucose biodegradation. Silicone coatings and 
silicone oil used as sole carbon sources were not biode-
graded, unlike Darocur which induced a respiration pro-
portional to its concentration. These results were con-
sistent with those of [21], which showed that synthetic 
polymers (crosslinked ones in particular) were inert to 
microbial degradation compared with natural macromol-
ecules since crosslinking limits the mobility of polymer 
chains and the accessibility of enzymes to the polymer.

Indeed, the biodegradation of silicon cross-linked pol-
ymers also depends on the hydrophobicity/hydrophilicity 
of the surface. This parameter influences both the swell-
ing ability of the polymer in the polar water solvent as 

well as the ability of bacteria and enzymes to adhere to 
the surface, from which every biodegradation phenom-
enon starts.

Figure  7 showed that uncoated LDPE films (blanks) 
were almost not biodegraded since the recorded cumu-
lated oxygen consumption was very low. The respiration 
observed with coated LDPE films was 16.1 ± 2.1 mg O2, 
possibly due to the biodegradation of Darocur 1173 
released from the coating. The assays with coated and 
uncoated LDPE films spiked with glucose revealed no 
inhibitory effect on glucose biodegradation, as already 
observed above with thick silicone, silicon oil and Daro-
cur itself.

Fig. 6  Cumulated oxygen con-
sumptions in 28 days of aerobic 
incubation at 30 °C using 
glucose alone (Glu), Silicon 
oil alone or with glucose (a), 
Darocur alone (Dar) or Darocur 
and glucose (Dar + Glu) (b) as 
carbon sources

Fig. 7  Cumulated oxygen con-
sumptions in 28 days of aerobic 
incubation at 30 °C using as 
carbon sources: glucose alone 
(Glu); uncoated LPDE alone 
or spiked with glucose; coated 
LPDE alone or spiked with 
glucose
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Biodegradability Under Anaerobic Conditions

Results are shown in Figs. 8 and 9. The blanks with glu-
cose as sole carbon source showed the good activity of the 
microbial inoculum used with about 60% glucose degrada-
tion achieved after 40  days. However, when the coatings, 
silicon oil or Darocur were used as sole carbon sources, 
almost no biogas production was observed, indicating 
that these substrates were almost not biodegraded under 
anaerobic conditions. This result confirmed the informa-
tion from previously published studies [11, 22, 23]. It 
could be explained by the possible need of  O2 in the ini-
tial steps of biodegradation, as described for example in 

the biodegradation of lignin [24] or poly-aromatic hydro-
carbons studies [25] where aerobic bacteria and fungi were 
mostly responsible of biodegradation. It was also shown 
that the initial intracellular attack of organic pollutants was 
an oxidative process with activation and introduction of 
oxygen as key enzymatic reactions catalyzed by oxygenases 
and peroxidases [26]. This result could be also explained 
by the lack of adapted microorganisms in the inoculum 
used. The relatively slow growth rate of anaerobic microor-
ganisms makes any adaptation significantly longer than for 
aerobic microorganisms.

The assays performed with silicon oil spiked with glu-
cose (Fig. 9a) revealed no significant inhibition on glucose 

Fig. 8  Cumulated biogas pro-
duction in 40 days of anaerobic 
incubation at 35 °C using as 
carbon sources: glucose alone 
(Glu); 800 µm or 2 mm thick 
coating alone or spiked with 
glucose; silicone oil alone or 
spiked with glucose

Fig. 9  Cumulated biogas pro-
duction in 40 days of anaero-
bic incubation at 35 °C using 
glucose alone (Glu), silicon 
oil alone or with glucose (a), 
Darocur alone (Dar) or Darocur 
and glucose (Dar + Glu) (b) as 
carbon sources
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biodegradation. However, a slight inhibition of glucose 
degradation was observed with the 800  µm thick silicone 
coating, and to a lower extent the 2 mm thick silicone coat-
ing, and with Darocur 1173 (Fig. 9b). This result confirmed 
that the inhibitory effect on glucose biodegradation was 
mostly attributed to Darocur 1173 and not to the silicon 
matrix, as observed under aerobic conditions.

Figure  10 showed that uncoated LDPE films (blanks) 
were almost not biodegraded since the recorded cumu-
lated biogas production was very low. Biogas production 
observed with coated LDPE films was similar to blank 
samples. The assays with coated and uncoated LDPE 
films spiked with glucose revealed no inhibitory effect on 
glucose biodegradation compared to inhibitory observed 
above with thick silicone coatings and Darocur 1173 itself. 
This result could be explained either by a very low amount 
of Darocur 1173 initially used to synthesize silicone coat-
ing (5  mg). Indeed, leaching test at pH 6 which is close 
to sludge pH (pH 8) has shown that 22% of Darocur 1173 
was released from coated LDPE films. This low amount 
could be released in sludge without any effect on biogas 
production.

Conclusion

The present study provides experimental data and infor-
mation which contribute to the assessment of the possible 
fate and environmental impacts of photocrosslinked sili-
cone acrylates during their use as coatings on various types 
of materials, and at the end-of-life stages of the coated 
materials.

The potential release of the residual amounts of photo-
initiator (PI) Darocur 1173 remaining within silicone coat-
ing after its synthesis was evaluated by conducting agi-
tated batch leaching tests in water on small pieces of thick 
coatings and thin coated plastic films. Results showed 
that depending on the thickness of the films and the pH 
of the leaching solutions, approximately 20 to 90% of the 

amount of Darocur 1173 used to synthesize the coatings 
was released within 8 days of leaching with a liquid to solid 
ratio of 10 mL g−1. These results revealed that the residual 
molecules of PI were not strongly trapped within or bound 
to the silicone matrix. Therefore, in scenarios where coated 
materials would be contacted with water during their use 
or at their end-of-life stages, PI may migrate within the 
coating and be released into water with potential environ-
nmental impacts. Under the experimental conditions used 
here, the leaching process was found to be relatively rapid 
(equilibrium reached within a few days), favored by acidic 
pH and faster with thin films.

Biodegration assays were also done to assess the poten-
tial fate of silicone coatings and PI under the effects of 
biotic factors simulating the environmental conditions of 
the products’ end-of-life stages in sewage treatment plants 
(aerobic conditions) or municipal solid waste sanitary 
landfills (anaerobic conditions). Results revealed no bio-
degradation of silicone coatings and PI under anaerobic 
conditions, where an inhibitory effect was even observed 
on the biodegradation of glucose used as a reference bio-
degradable molecule. Under aerobic conditions however, 
PI was totally biodegraded and used as a carbon source 
by the microorganisms, unlike the silicone coating which 
was not biodegraded. The recalcitrance of silicone coating 
to biodegradation under both aerobic and anaerobic condi-
tions was attributed to the cross-linked domains which pro-
vided a certain rigidity to the films and limited the access 
of water and microorganisms to the polymeric network and 
therefore their biodegradation.

The methodology followed here may be used to evalu-
ate alternative photoinitiators in the objective to substitute 
potentially toxic photoinitiators such as Darocur 1173 by 
more environmentally friendly formulations. In paral-
lel, further studies would be needed in order to reduce the 
dosage of photoinitiator currently used in excess in photo-
crosslinked formulations.
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