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Effects of environmental conditions on latex degradation in aquatic systems
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► We characterised the degradation of latex in outdoor aquatic microcosms.
► Degradation rate was dependent on light and material thickness.
► Photooxidation is shown to be the primary degradation pathway.
► Degradation products include the formation of nanosized particles.
► Mass balance indicates that loses to the atmosphere occur.
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Following use polymer materials may be released to the natural environment distributed to various environ-
mental compartments and may undergo a variety of mechanical and chemical weathering processes. This
study characterised the degradation of a latex polymer of different thicknesses under a range of environmen-
tal conditions in outdoor microcosms. Samples were immersed in either demineralised water, artificial fresh-
water and marine water media and exposed for a period of 200–250 days with exposure starting at different
times of the year. Effects of pH, agitation and the exclusion of light on degradation were also studied. At the
end of the exposure period, recovery of polymer material≥1.6 μm ranged from a low of 22.04% (±16.35, for
the freshwater treatment at pH 5.5) to a high of 97.73% (±0.38, for the exclusion of light treatment). The dis-
appearance of the bulk material corresponded to an increase in nanoparticles and dissolved organic material
in the test media. Modelled degradation kinetics were characterised by multi-phasic degradation patterns
and the results indicated degradation rate is affected by light intensity and polymer thickness. Mass balance
analysis indicates that losses of volatile materials to the air compartment may also be occurring.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The release of polymer materials (PMs) into the environment is
recognised as an issue of worldwide concern (Barnes et al., 2009). A
number of studies have demonstrated PMs to be a major component
of litter on the ocean surface (Barnes and Milner, 2005; Barnes et al.,
2010), on the seafloor (Galgani et al., 2000; Oigman-Pszczol and
Creed, 2007; Stefatos et al., 1999) and on coastlines around the
world (Bravo et al., 2009; Santos et al., 2009). Once in the environment
PMs may be degraded by abiotic or biotic factors working together or
in sequence (Agamuthu and Faizura, 2005; Krzan et al., 2006). Degra-
dation of PMs could involve disintegration of the PM into increasingly
smaller polymer fragments, includingmicroscopic and nanosized par-
ticles; chemical transformation of the PM and polymer fragments;
degradation of the PM and polymer fragments into non-polymer or-
ganic molecules; transformation/degradation of these non-polymer
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molecules into other compounds; and ultimate mineralisation to car-
bon dioxide and water. Due to the many degradation processes that
occur, environmental systems receiving PMs will potentially be ex-
posed to a complexmixture of the parentmaterial, polymer fragments
of different sizes and polymer degradation and transformation prod-
ucts. Each of these could be taken up by and affect aquatic and terres-
trial organisms. For example, there is increasing concern over the
impacts of nanoparticles on organisms as particle size is recognised
as an important property in determining their interaction with living
systems. Desai et al. (1997) showed that 100 nm sized particles of a
polylactic polyglycolic acid co-polymer had a 10-fold higher intracel-
lular uptake in an in-vitro cell culture when compared to 10 μm
sized particles made of the same material. Nanoparticles have also
been shown to produce cytotoxic, genotoxic, inflammatory and oxida-
tive stress responses in mammalian and fish systems (Dhawan et al.,
2011).

The majority of our current understanding on the processes in-
fluencing polymer degradation has been derived from artificial labora-
tory studies that investigate a single mechanism of degradation such
as photodegradation (N. Nagai et al., 2005; Y. Nagai et al., 2005),
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thermal degradation (Agostini et al., 2008; Cit et al., 2010), and biodeg-
radation using microbial cultures (Cherian and Jayachandran, 2009;
Cosgrove et al., 2007; Linos et al., 2000; Saad et al., 2010; Tsuchii et al.,
1997). There is limited information on the degradation of polymers
under environmentally relevant conditions where a number of degra-
dation mechanisms occur at once and where information is available,
the focus has been on understanding degradation in marine systems
(O'Brine and Thompson, 2010; Rutkowska et al., 2002a,b; Sudhakar et
al., 2007). These studies have tended to focus on weight loss, changes
in tensile strength, breakdown ofmolecular structure and identification
of specific microbial strains to utilise specific polymer types. The poten-
tial for PMs to formother chemical compounds and nano-sized particles
has received little attention.

The aim of this work was therefore to characterise the degradation
of a case study polymeric latex film under realistic conditions. To do
this, outdoor microcosms were used so that the formation and subse-
quent degradation of the polymer transformation products could be
monitored over time under natural cycles of sunlight and temperature.
Experiments were initiated at different times of the year to cover differ-
ent seasons and freshwater was used as the basic degradation medium.
The specific objectives were to: i) explore the effects of season on the
degradation rate of the latex film, ii) explore differences in degradation
rates in freshwater and marine water, iii) investigate the importance of
temperature and light for polymer degradation, iv) characterise molec-
ular changes to the latex film during the degradation process, and
v) characterise to what extent particles in the nanometer size range
are formed following degradation of a polymer.

2. Methods

2.1. General study design

The degradation studies were undertaken using a latex film which
is used in the manufacture of medical devices (0.08 mm thickness,
provided by a leading UKmanufacturer). For all studies, latex samples
(approximately 25 cm2) were placed individually into clear glass ves-
sels (volume 250 ml) and spread out in 200 ml of test media. For each
time point individual samples were established in triplicate and con-
trol samples, without latex, were also established. To expose the latex
to natural cycles of sunlight and temperature, test vessels were then
placed outdoors on a platform, under non-sterile conditions, and cov-
ered with a non ultra-violet filtering perspex sheet (B&Q, UK) to pre-
vent flooding by rainfall. Evaporation was dealt with by regularly
replacing lost water with the respective media, except for the marine
water experiment where demineralised water was used to prevent
the build-up of salts. Weather conditions for the entire study were
recorded using a weather station located next to the experimental
site (Delta-T Devices Ltd., UK).

2.1.1. Semi-field degradation over different seasons
To understand the effects of season on the degradation of latex,

two experiments were initiated at different times of the year: one
in August 2010 and one in November 2010. The degradation medium
used was demineralised water. For the summer study, samples were
removed for analysis after 10, 20, 35, 50, 90, 120 and 250 days of ex-
posure and for the winter study, samples were removed after 30, 60,
90, 120, 150 and 200 days. A water/sediment system was also inves-
tigated during these time periods but the results were inconclusive so
will not be reported here.

2.1.2. Importance of selected environmental variables and thickness on
latex degradation

To assess the effects of different environmental variables on latex
degradation, a series of studies were undertaken in June 2011 using an
artificial freshwater media (pH 7.9; containing CaCl2 294 mg/l; MgSO4

123.25 mg/l; NaHCO3 64.75 mg/l and KCl 5.75 mg/l). The variables
investigated were; an additional pH value (pH 5.5); presence/absence
of sunlight; andwatermovement. Studieswere also performedusing ar-
tificial marine water (Red Sea Salt mix, Red Sea Aquatics Ltd., UK, batch
number 26 04 0915; pH 8.4), and a thicker latex film (1.5 mm). Media
pH was adjusted using either NaOH or HCl accordingly. The exclusion
of lightwas achieved by covering the test vessels with foil and the effect
of water movement was simulated by shaking the relevant vessels once
a week for 16 h at 80 rpm. For all of these manipulations a more rigor-
ous sampling regime was applied with samples being removed and
taken for analysis after 1, 3, 7, 14, 28, 56, 112 and 200 days of exposure.
Throughout the study pH was recorded (see Supporting information
Table 1).

2.2. Analytical methods

2.2.1. Weight loss
Upon collection, samples were filtered under vacuum using

pre-dried and weighed, 1.6 μm pore diameter, glass fibre filter papers
(Whatman, UK). The filter paperswere then dried at 40 °C to a constant
weight and the weight recorded. A sample (20 ml) of the filtered test
media was taken at this stage and stored at 5 °C for characterization
in terms of nanoparticle concentration and size distribution and
dissolved organic carbon (DOC) concentration. For material from the
marinemedia, it was necessary towash the salts off the filtered sample.
To do this, sampleswere immersed in demineralisedwater for 24 h and
filtered. This process was repeated until a constant weight was mea-
sured. After weighing, latex samples were kept in the fridge until the
chemical functionality of the latex sample could be assessed.

2.2.2. Changes in chemical functionality
Changes in chemical functionality of the latex samples were

characterised using Fourier Transform Infra-Red spectroscopy (FTIR).
The infra-red absorption spectra of the filtered latex samples were
measured using an ATR (Attenuated Total Reflection)-FTIR. ATR
makes use of an evanescent wave to collect the absorption spectrum
of a studied sample as radiation is passed through a crystal at an
angle in which total reflection occurs on the top surface where the
sample is located. The FTIR spectra were recorded using a Bruker
spectrometer model Vertex 70 (Bruker, Germany) in the 400–
4000 cm−1 wave number range. All spectra were the average of 16
scans recorded at a resolution of 4 cm−1 and peak height was used
to represent the IR intensity, which is expressed as absorbance.

2.2.3. Particle analysis
Nanoparticle tracking analysis (NTA) was used to determine the

number and size distribution of particles in the size range 30 nm to
2000 nm. Analysis was performed using a NanoSight LM 10 (NanoSight
Ltd., UK). To characterise each individual sample and control in a repre-
sentative manner, nine video images of each sample were taken. The
focus of the camerawas judged by eye andwas adjusted so themajority
of particles on the screen were in focus at the start of video capturing.
Video image length was set at 60 s and all images were taken at room
temperature. The processing of video images was performed using
NTA 2.2 software. The detection thresholdwas set to automatic; this de-
termines theminimumgrey scale value of any particle in the image nec-
essary for it to qualify as a particle to be tracked. A blur (smoothing
setting) of 5×5 was then used following the recommendation in the
operating manual that if automatic threshold detection is used, the
blur setting should be increased by one level higher than normally
used. Theminimum expected particle size was set at 30 nm for all sam-
ples due to the unknown nature of the samples being analysed. The
minimum track length, which defines the minimum number of steps
a particlemust take before its size is calculated and included in the anal-
ysis, was set to automatic allowing the software to calculate this based
on the particles in the video. To verify that the filtering process was
not affecting the distribution profiles, a mixture of mono-dispersed
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500 nmand1000 nm(12:1 ratio) polystyrene beadswere characterised,
then filtered through a 1.6 μm filter paper and then characterised again
(Supplementary data Fig. 1). This shows the presence of two distinct
size populations indicating that NanoSight is indeed suitable for
polydispered samples and the filtering process has not interfered with
the sample.

2.2.4. Dissolved organic carbon analysis
Degradation media were analysed with a LiquiTOC combustion

analyzer (Elementar, Germany). Subsamples of the degradation
media were diluted 10-fold with demineralised water to bring them
within the calibration range. The diluted sample was then filtered
using a 0.45 μm glass fibre filter paper (Whatman, UK) to separate
the dissolved fraction from the solid fraction. A range of potassium
hydrogen phthalate and sodium carbonate standards (1–50 mg/l)
was used for making a standard curve from which DOC was calculat-
ed. Results for the latex treatments were corrected using the corre-
sponding control DOC values.

2.3. Data analysis

2.3.1. Degradation rate and modelling approach
Degradation rates were calculated using a series of models that de-

scribe bi-phasic degradation (FOCUS, 2006). The results for the summer
and winter experiments were best described by a hockey-stick model
which assumes degradation initially occurs according to first-order ki-
netics which is described by a constant fractional rate of degradation
(k1) (Eq. (1)). Then at a certain point in time, known as the breakpoint,
the rate constant changes to a different value (k2) that declines with
time (Eq. (2)).

M ¼ M0 e
−k1t for t≤tb ð1Þ

M ¼ M0 e
−k1tb e−k2 t−tbð Þ for t > tb ð2Þ

Where: M is the mass at time t; M0 is the mass at the start of the
study; k1 is the rate constant for t≤ tb, k2 is the rate constant for
t> tb, and tb is the time at which the constant changes.

The results for the second set of experiments appeared to be
multi-phasic in nature as an increase in weight was seen at the begin-
ning of the exposure period. To include this phase in the modelling
process an exponential growth equation was fitted to this part of
the measured data (Eq. (3)). Then at the point in time where weight
loss starts to occur a breakpoint was applied and a revised version of a
bi-exponential model (described as the sum of two first order equa-
tions (FOCUS, 2006)) was used to describe the remaining measured
data (Eq. (4)).

M ¼ M0 e
k1t for t≤tb ð3Þ

M ¼ M1 e
−k2 t−tbð Þ þM2 e

−k3 t−tbð Þ for t > tb ð4Þ

whereM1 is the amount of material applied to compartment 1 at time
t=breakpoint, M2 is the amount of material applied to compartment
2 at time t=breakpoint, k2 is the rate constant in compartment 1
and k3 is the rate constant in compartment 2. M1+M2 must be
equal to the weight of material at which the breakpoint is applied.

Model parameterswere fitted by applying a trial and error approach
(see Supplementary data, Table 2). Estimation of the time taken for 50%
(DT50) of the latex to degrade for the summer and winter treatments
was derived from Eqs. (5) and (6). Model fits for the remaining treat-
ments were derived from a modified version of a bi-exponential
model, as there is no analytical equation to calculate degradation end-
points for this model, DT50 values were derived from a table of calculat-
ed concentrations. Measurements used to assess goodness of fit for the
optimised parameters were carried out using, sum of square residuals
(SSRes), root mean square error (RMSE), chi-square test, model error
and coefficient of determination (r2 value) (Table 1); descriptions for
these indices can be found in the FOCUS (2006) guidance document.

DTx ¼
1
k1

ln
M0

M

� �
if DTx≤tb ð5Þ

DTx ¼ tb þ
1
k2

ln
M0

M

� �
− k1

k2

� �
if DTx > tb ð6Þ

2.3.2. Relating degradation of parent material to weather parameters
The weather data was used to estimate the amount of solar radia-

tion (MJ m−2) responsible per unit of degradation. This was achieved
by calculating the difference in weight loss between consecutive time
points and dividing through the amount of solar radiation received
between sampling intervals; from this an overall average was deter-
mined. Sampling intervals with measured weight gain were excluded
with calculations adjusted appropriately.

2.3.3. Calculation of particle size distribution and particle mass
To determine the particle size distribution in the samples that had

contained latex, data on the particle size distribution and number
concentration of the equivalent control treatment was subtracted
from the treated sample data. This was corrected for the presence of
any naturally occurring particles and particles that may have entered
into the sample during the filtering process. The mass of particles
present was estimated using the distribution data by calculating the
volume of particles present in the sample (Eq. (7)) and thenmultiply-
ing by the density of the solid which was taken to be 920 mg/cm3 for
polyisoprene (Eq. (8)). It should be noted that for this calculation it
was assumed all particles were solid spheres (Gillespie et al., 2011).

Volume ¼ π
6
d3 cmð Þ � concentration no:particles=mlð Þ ð7Þ

Mass mg=mlð Þ ¼ Volume� ρ ð8Þ

2.3.4. Mass balance
To assess losses of the latex to the atmosphere (e.g. through

mineralisation of the polymer to CO2 and H2O or volatilisation of or-
ganic transformation products or additives), a mass balance analysis
was performed using the weight of material collected on the 1.6 μm
filter paper, the DOC concentration (corrected for controls) and the
mass of particles in the filtered media above 450 nm (particles below
450 nm were excluded as the mass of particles below 450 nm will be
included in the DOC measurements). The combined weight was then
compared to the material starting weight.

2.3.5. Statistical analysis
The generated datasets were identified as either non-normally

distributed or of unequal variance using Kolmogorov–Smirnov test.
Therefore, overall differences between treatments were evaluated
using Friedman Repeated Measures ANOVA on Ranks. All statistical
tests were followed by a post-hoc Tukey multiple comparisons test
applied to the different combinations. Stepwise regression was used
to identify which of mean temperature (°C) or mean intensity of
solar radiation (MJ m−2) each sampling interval received during its
exposure, best describes degradation rate for each treatment investi-
gated. All statistical tests were performed using SigmaPlot version 12
and a 95% significance level.



Table 1
Statistical indices derived for modelling of weight loss and values derived for explaining sunlight intensity as the driving factor.

Summer 2010 Winter 2010 Freshwater Lower pH With movement Marine water

Statistical indices
DT50 38.51 145.04 158 75.5 220 87
SSRes 368.43 32.79 59.3 158.39 80.59 240.17
RMSE 3.26 1.43 1.46 2.01 1.60 1.56
χ2 (tabulated χ2) 8.75 (9.49) 0.92 (7.81) 0.83 (5.99) 5.25 (5.99) 1.24 (5.99) 4.74 (5.99)
Model error 10.96 2.69 3.16 6.49 4.29 7.55
r2 0.91 0.98 0.90 0.94 0.88 0.93

Sunlight intensity as a predictor for mass loss r2=0.60 (p=0.002) r2=0.87 (p=0.001) r2=0.81 (p=0.002) r2=0.74 (p=0.006) r2=0.87 (p=0.001)
MJ m−2 responsible for 1% weight loss⁎ 13.65 (±5.75) 14.05 (±5.03) 36.64 (±20.82) 30.42 (±23.29) 36.22 (±21.05) 29.85 (±13.56)

DT50 estimated time for 50% of the latex to degrade; SSRes Sum of square residuals; RMSE Root mean square error.
⁎ Thicker material=144.33 (23.34).
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3. Results and discussion

3.1. Seasonal effects on degradation rate

The effect of season on degradation rate was pronounced. When ex-
posure was initiated in August, latex samples started to disintegrate
within 10 d, compared to the study initiated in Novemberwhere degra-
dation was negligible until the onset of spring (Fig. 1). The breakpoint
(tb) at which the second rate constant is used to describe the degrada-
tion kinetics, for the summer treatment, was modelled as 44 d. Over
this 44 d period samples were exposed to an average daily temperature
of 13.9 °C and a total of 421.01 MJ m−2 of solar radiationwas received;
at the end of this treatment material recovery was 19.65% (±1.62).

The breakpoint for the winter treatment was modelled as 105 d,
over which samples were exposed to a lower average daily tempera-
ture of 2.18 °C and received far less solar radiation (184.79 MJ m−2);
material recovery for this treatment after 200 d was 17.12% (±6.25).
The total solar radiation received at the study site over the duration of
each treatment was 1188 MJ m−2 for the summer treatment and
1172 MJ m−2 for the winter treatment. Solar radiation was identified
as the weather variable that best described the seasonal effect on
weight loss, with similar solar intensities responsible for one percent
weight loss (Table 1). Previous studies have also demonstrated the
enhanced degradation of polyethylene films when exposed to in-
creased levels of sunlight intensity and higher temperatures in sum-
mer seasons (Al-Salem, 2009).

3.2. Effects of environmental conditions and polymer thickness on
degradation of latex

When the effects of a range of environmental conditions on degra-
dation were assessed over 200 d (Fig. 1) fastest degradation was seen
in the lower pHmedia (DT50=75 d), this was followed by the marine
water treatment (DT50=87 d) and the higher pH freshwater treat-
ment (DT50=158 d) (Table 1). Samples subjected to water move-
ment gave a much longer DT50 (220 d). The use of movement
appeared to cause any fragmented particles to congeal, reducing the
impacts of weathering. Limited degradation was seen in the samples
where sunlight was excluded and in the thicker polymer samples,
with material recovery after 200 d measured at 97.73% (±0.38) and
88.57% (±4.39) respectively; therefore it was not possible to model
the degradation kinetics for these treatments. Overall, differences in
degradation rate between these six treatments were identified
(χ2=12.762, p=0.026); however, post-hoc analysis indicates only
the thicker material and exclusion of light treatments to be signifi-
cantly different from the other treatments.

The total solar radiation and average daily temperature received at
the study site over the duration of this experimental period was
1651 MJ m−2 and 12.22 °C respectively. Solar radiation was again
identified as the weather variable that best described weight loss
under each degradation scenario (Table 1). The corresponding sunlight
intensities responsible for one percent degradation ranged from
30.42 MJ m−2 for the lower pH treatment to 144.33 MJ m−2 for the
thicker material treatment (Table 1). Other studies have also demon-
strated solar radiation as the driving variable for the rate of polymer
degradation. Saad et al. (2010) investigated the effect of ultra violet
(UV) radiation on the biodegradation rate of polyhydroxybutyrate
(PHB) films 0.1–0.12 mm thickness, and found samples exposed to
9 h UV radiation had ~52% weight loss after 28 days soil burial com-
pared to ~32% weight loss for samples with no pre UV exposure. Poly-
ethylene samples (0.08 mm thickness) immersed in the Baltic Sea for
20 monthswere also found to have nomeasureableweight changes be-
cause of the lack of sunlight in this environment (Rutkowska et al.,
2002a).

3.3. Changes in chemical functionality of the latex over time

FTIR spectra of unexposed latex contained several peaks charac-
teristic of vibration modes attributed to cis-1,4 polyisoprene
(Agostini et al., 2008; Nor and Ebdon, 2000). Absorption bandswere ob-
served at 2960 cm−1 which arise from C\H asymmetric stretching in
CH3 groups and a strong absorption band was also seen at 1450 cm−1

characteristic of angular deformation of \CH2-groups (Nor and
Ebdon, 2000). Exposure to natural sunlight and temperatures resulted
in a weakening of these absorbance bands (χ2=27.571, pb0.001 and
F=22.143, pb0.001 respectively), but only treatments where sunlight
was excluded and a thick material used were significantly different
from other treatments.

The observed weakening of characteristic absorbance bands was ac-
companied by the formation of a broad OH peak in the region 3000–
3600 cm−1 and a low intensity CO band at 1715 cm−1 (Fig. 2). OH
and CO groups are oxy-generated products that attach themselves to
polymer molecules and are formed by photo-oxidation processes
(Albertsson et al., 1987). In the excluding light treatment these func-
tional groups were only observed at very low absorbencies and were
shown to be significantly different to other treatments (χ2=31.286,
pb0.001 and χ2=26, pb0.001 respectively).

Under ambient conditions, photo-degradation is considered one of
the primary sources of damage for polymeric materials (Klemchuk,
1990; Lucas et al., 2008). The lack of change observed in the FTIR
spectra when light is excluded indicates photo-oxidation as the
major pathway involved in degradation process. A possible mecha-
nism for the photodegradation of latex is shown in Fig. 3. This initially
involves the light-driven oxidative scission of the C_C bond in the
cis-1,4 polyisoprene chain as described by Tsuchii et al. (1985)
(Fig. 3, structure I) forming end chain CO groups. The formation of OH
end groups (structure VII) is preceded by the UV induced change in
the chemical structure of the latex molecules which occurs through
free radical intermediates (structure III). These reactive intermediates
are formed when the latex absorbs light and oxygen which easily un-
dergo photolysis into intermediate hydroperoxide groups (structure
IV) as described by Mailhot et al. (2000) and Kaczmarek et al. (2007)



Fig. 1. Degradation of latex over time in, A) August 2010 treatment; B) November 2010 treatment; C) artificial freshwater (pH 7.9); D) artificial freshwater (pH 5.5); E) artificial
marine water; F) simulated water movement; G) absence of light; and H) the thicker latex sample. Diamond shaped data points represent mean material recovery of three replicate
measures; the solid line dissecting these data points represents the best fit model obtained using the FOCUS approach; the vertical dashed line represents the point at which 50%
degradation is reached and the squares represent dissolved organic carbon. For all plots error bars displayed were obtained by the standard deviation of the different measurements
for each sample; bars where not visible fall within the symbols.
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Fig. 2. Changes in FTIR-ATR peak intensities during exposure to natural cycles of sunlight and temperature at, A) 2960 cm−1; B) 1450 cm−1; C) 3000–3600 cm−1 and D) 1715 cm−1.
Diamonds=freshwater treatment; squares=lower pH treatment; triangles=marinewater treatment; stars=thickermaterial; circles=simulation ofmovement; solid line=exclusion
of light.

Fig. 3. Proposed route for breakdown of latex in the aquatic environment.
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in photo-degradation experiments of polystyrene and poly(ethylene
oxide) respectively. Further CO groups may also be produced by
photo-oxidation processes (structure VI) (Kaczmarek et al., 2007). The
appearance of CO andOH groups is also noted byAgostini et al. (thermal
degradation) and Riyajan et al. (2003) in the biodegradation of natural
rubber.

3.4. Formation of nanoparticles

NTA was used to characterise both the concentration and size dis-
tribution of particlesb1.6 μm formed during the degradation of latex
(Fig. 4). Previous studies have shown this technique to be suitable for
characterisation of samples with heterogeneous distributions of
nanoparticles as it does not give bias towards larger particles (Filipe
et al., 2010; Montes-Burgos et al., 2010). The results show that
particlesb1.6 μm were formed from the latex over the course of the
exposure period when compared to concentrations in the controls.
After 200 d the concentration of particles in the freshwater treatment
was 3.30×108/ml (±0.79), this compares to 0.2×108/ml (±0.13) in
the control for the same time point (Fig. 6). Particles in the control
samples most likely originate from atmospheric dust entering the
sample during the exposure period.

The highest concentration of particles after 200 d was measured
for samples taken from the vessels where water movement was sim-
ulated and from the thicker latex treatment (4.89×108/ml±1.28 and
4.80×108/ml±1.38, respectively), even though overall degradation
rate of the latex, based on weight loss, was lower in these two
treatments than the other treatments. Overall differences in particle
concentrations in the second set of experiments were identified
(χ2=256.359, pb0.001), with exclusion of light and marine water
treatments found to be significantly different from the other treat-
ments even though the marine media experiment had comparable
weight loss to the experiments based in freshwater media.

Mean particle diameter was the same across exposure treatments
(Fig. 4; χ2=9.929, p>0.05). After 200 d mean particle diameter
ranged from 196.52 nm (±89.48) in the freshwater treatment to
207.33 nm (±100.29) in the lower pH treatment. Overall, the size
of particles formed was mainly in the 100–400 nm range, with few
larger particles (>400 nm) being measured. One possible explana-
tion is that larger particles precipitate over time and only become
re-suspended when they themselves further breakdown or they
could potentially aggregate with time and therefore be caught by
the filtering process.

The mass of latex particles present in the test media was also esti-
mated, based on the particle size distribution and number concentra-
tion, and was generally seen to increases in line with particle
concentration. The largest mass of particles present after 200 d was
3.83 μg/ml (±0.29) in the lower pH scenario, which accounts for

image of Fig.�2
image of Fig.�3


Fig. 4. Characterisation if nanosized particles formed during the degradation of latex in, A) August 2010 treatment; B) November 2010 treatment; C) artificial freshwater (pH 7.9);
D) artificial freshwater (pH 5.5); E) artificial marine water; F) simulated water movement; G) absence of light; and H) a thicker latex sample. Solid bars represent particle concen-
tration in the sample filtrate; bars with diagonal lines represent particle concentration in the controls; circles represent mean particle concentration in the samples and triangles
represent particle weight. Error bars displayed were obtained by the standard deviation of the different measurements for each sample.
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Fig. 5. Changes in the mass balance for the degradation of latex during exposure to natural cycles of sunlight and temperature in, A) August 2010 treatment; B) November 2010
treatment; C) artificial freshwater (pH 7.9); D) artificial freshwater (pH 5.5); E) artificial marine water; F) simulated water movement; G) absence of light; and H) a thicker
latex sample.
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0.54% (±0.06) of the material starting weight; this compares to a
mass of 2.13 μg/ml (±0.48) after 200 d in the freshwater experiment,
which accounts for 0.3% (±0.06) of the material starting weight.

3.5. DOC

An increase in the formation of DOC over time was observed for all
treatments, with the exception of the vessels where sunlight was ex-
cluded (Fig. 1). The formation of DOC was closely related to the latex
weight loss results with the faster periods of latex degradation corre-
sponding with the rapid increase in DOC levels. Slower phases of deg-
radation were associated with a stabilisation in measured DOC levels
and can be attributed to the reduced sunlight intensities experienced
throughout the autumn and winter months. DOC formation in the
treatment where light was excluded and in the thick latex treatment
was significantly lower than in all other treatments (χ2=66.907,
pb0.001).

3.6. Mass balance

Data from the weight loss, particle and DOC measurements were
combined to determine whether the mass loss of latex could be
explained by particle formation and formation of soluble organic trans-
formation products alone (Fig. 5). For the exclusion of light and thicker
material treatments it was possible to develop a mass balance for all
sampling points, however, this was not the case for the remaining treat-
ments. For these remaining six treatments an increase in total mass was
observed as the latex starts to break apart and degrade. The mass in-
creasesmay be due to a combination of processeswhich include the for-
mation of microbial biomass on the latex, as biodegradation is a
mechanism of degradation for some polymers (Linos et al., 2000). As
microbiological analysis was not undertaken mass increase due to ab-
sorption of oxygen cannot be ruled out. The addition of oxygen due to
photo-oxidation processes may also contribute to increases in mass.
As time progresses it was not possible to develop a full mass balanced
indicating that other loss mechanisms might be occurring. This might
be explained by volatilization processes that come into effect as the
latex degrades (Agostini et al., 2008). The decreasing absorbance in
the IR spectra indicates degradation of the macromolecules occurs.
This degradation could be due to chain breakage as proposed in Fig. 3
coupled with the evolution of low-molecular volatile products.

4. Conclusion

This study has attempted as far as possible tomimic field conditions.
Modelled degradation kinetics are characterised bymulti-phasic degra-
dation patterns and degradation rate is affected by sunlight intensity
and polymer thickness. The degradationmechanism is that of photo in-
duced weakening of the polymer matrix as indicated by the FTIR analy-
sis, coupled with the formation of oxidation products; these structural
changes then result in the disintegration of the latex film.

The major finding of this study was to identify and quantify the
formation of particles in the nanosize range as well as dissolved or-
ganic compounds. The mass balance analysis also indicates that losses
of volatile materials to the air compartment may also occur. The re-
sults are significant as they show that receiving environments are po-
tentially exposed to a mixture nanoscale polymer degradates, and
other dissolved and volatile substances. The study highlights the
fact that when the risks of polymer products in the environment are
being assessed, we should not only consider the parent compound
but also the products of the degradation process.

Other questions arising from this research include the characteri-
sation of the types of dissolved and volatile substance that have
been formed and the extent to which microbial activity influences
degradation rate. While this study has focused on latex as a test
material there is no reason why the approaches taken here cannot
be applied to other materials.
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