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Plastic pollution has more than doubled since the turn of the century, with 20 million metric tons of plastic waste entering the
environment each year. Plastics are extremely durable materials that require hundreds of years to decompose fully. We investigate
pro-oxidant and transition metal complex additives as potential facilitators to plastic biodegradation. Pro-oxidant additives like
cobalt (IT) stearate engage oxidation-reduction reactions in plastics to weaken bonds, while starch additives naturally decompose,
leaving large gaps that weaken the polymer structures of plastics. We co-extruded cobalt (II) stearate and potato starch with
three polymers - PETg, HDPE, and PLA- and incubated them in a bacteria-rich environment for 21 days under ideal conditions
for microorganism growth (37°C). We then analyze our data with a Mann-Whitney U test. Cobalt (II) stearate demonstrated a
significant correlation with increased degradation in PLA and potato starch demonstrated a significant correlation with increased
degradation in PETg and HDPE. These results suggest that pro-oxidant additives could enhance the degradation of biodegradable
plastics similar in nature to PLA, while starch additives are more compatible with nonbiodegradable plastics similar in nature to
PETg and HDPE. The additives researched in this study can be utilized in the manufacturing of single-use plastics to combat the
growing threat of plastic pollution.
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Introduction and smothering".,

One potential additive that can accelerate plastic degradation
is starch. Starch is an inexpensive, organic additive that can be
blended with polymers to create bioplastics, defined in this paper
as biodegradable plastics derived from renewable resources .
Starch additives are filler additives that have been found to sig-
nificantly enhance mechanical properties of plastics like tensile
strength and elongation at 30 wt. %%, When blended with a
polymer, the starch inside the plastic is naturally degraded by
microorganisms, leaving behind a less dense polymer structure
that is then easier to biodegrade via natural processes such as
thermal oxidation®"14, Starch is composed of two types of
polysaccharides, amylose and amylopectin. While amylopectin
is the more biodegradable of the two components, amylose typ-
ically results in higher plastic strength and ductility!>. Thus,
the ratio of amylose to amylopectin must be considered when
incorporating starch into plastic blends to ensure an effective
combination of strength and biodegradability. For example,
potato starch, which is rich in amylopectin while still containing
a significant percentage of amylose, is an effective starch for
bioplastics®. However, because most commodity plastics are
hydrophobic and starches are hydrophilic, starch-based plastics
often result in weakened properties concerning interactions with

Plastics consist of large molecules known as polymers, which
are formed by repeatedly linking smaller chemical units known
as monomers, typically of a single species, through strong cova-
lent bonds'“2, Plastics have found widespread use for their low-
cost and tunable material properties. For example, poly(ethylene
terephthalate glycol) (PETg) is frequently used in manufactur-
ing and packaging and is infused with glycol, a food source
for microorganisms, to increase its flexibility”. High-density
polyethylene (HDPE) is commonly used in household products
for its durability®. Poly(lactic acid) (PLA) is a biodegradable
polymer often used in 3D printing®©. Additives are commonly
mixed into polymers to enhance certain properties such as color,
strength, or stability. These additives are added during extrusion,
a process in which the polymer and additives are blended at
high temperatures and pressure”. The stability of C-C bonds,
combined with the high molecular weights of most commodity
plastics, results in extremely slow degradation for most plas-
tics®?. Many plastics have half-lives of hundreds of years,
which combined with the 175 Megatons of plastic entering land-
fills and the environment each year, raises a major environmental
concern?. For instance, nearly 700 marine species have been di-

rectly harmed by plastic waste through ingestion, entanglement,
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water.

Another type of additive that could potentially accelerate the
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degradation of plastics is transition metal complexes. Being
chemical additives, they are typically incorporated into plas-
tic blends up to 5 wt. %12, Transition metal complexes rep-
resent a category of pro-oxidants that may also be useful in
improving the biodegradation of polymers through a series of
oxidation-reduction reactions 82, In a process known as ther-
mal degradation, which begins at 28°C-150°C, heated polymers
with transition metal complexes can be broken down during
exposure to atmospheric oxygen into small fragments that have
increased hydrophilicity and become more susceptible to forms
of biotic degradation?!22, Thermal degradation can be accel-
erated by combining plastics with microorganisms in organic
compost material that catalyzes the process=2. Additionally, the
process of composting generates heat“?, which further accel-
erates plastic degradation. For example, cobalt (II) stearate is
a representative transition metal pro-oxidant compound that is
recognized to enable thermal degradation'822,

Although potato starch and cobalt (II) stearate could the-
oretically catalyze the degradation of many different poly-
mers 3418520 the rate at which they can enhance biodegra-
dation and the variability of this effect between different poly-
meric materials is largely unknown. This study aims to address
gaps in knowledge of the latter, which is pertinent for commer-
cial purposes in determining which additives induce optimal
degradation in certain plastics.

It should be noted that we were constricted by our low sample
size to expand the research to a large enough sample for the
central limit theorem to be utilized for a standard distribution.
Even for the Mann-Whitney U test, an ideal comparison would
occur with a sample size of n > 5. Thus, we hope that future
works can improve upon our results by conducting a similar-
natured experiment with a greater number of trials.

In this study, we perform a comparative analysis of cobalt (II)
stearate and starch in accelerating the biodegradation rate across
polymer classes. Plastic blends are first created by extruding
various polymers with starch and pro-oxidant additives, incor-
porated in concentrations commonly used and found to benefit
plastic properties in manufacturing and commercial applications
(30.0 wt. % and 5.0 wt. %, respectively)?lZ. Then, we track
the biodegradation rates of these plastic blends in a carefully
controlled environment designed to mimic ideal conditions for
degradation. Following a statistical analysis of our results, we
investigate potential applications of our findings and provide
recommendations for how they can be employed.

We hypothesize that due to the inherently biodegradable na-
ture of both potato starch and PLA, the energy provided to micro-
bial colonies in the depolymerization of potato starch will enable
an accelerated secretion of hydrolytic enzymes to break down
the polymer matrix of PLA to a greater extent than resistant
polymers with higher incompatibility with the additives such as
HDPE and PETg?42. Meanwhile, for shorter testing periods,
cobalt (II) stearate could potentially serve as a less-effective

oxidizing agent, particularly for non-biodegradable polymers
such as HDPE and PETg, because the chemical, thermal oxo-
degradative mechanism by which it facilitates degradation may
occur less rapidly compared to the physical mechanism of filler,
starch-based additives like potato starch. Alternative results may
occur with extended testing periods in further study.

Hence, we speculate that our results will have greater statisti-
cal significance for potato starch and biodegradable compound
blends and less statistical significance for cobalt (II) stearate
and non-biodegradable compound blends. Specifically, we ex-
pect the PLA-starch blend to degrade the most, followed by the
PETg-starch blend, PLA-stearate blend, PETg-stearate blend,
HDPE-starch blend, and finally the HDPE-stearate blend.

Methods

The nature of this study is an experiment, testing the effects of
cobalt (II) stearate and potato starch additives on the masses
of polymers over time, or effectively, the degradation rate of
polymers.

Sample Preparation

PETg (Eastar copolyester 6763 PETg pellets), HDPE (VViViD),
PLA (Ingeo 4032D), cobalt (II) stearate (AK Scientific, Inc.),
and potato starch (Bob’s Red Mill) were used as received. Degra-
dation of plastic blends with cobalt (II) stearate and potato
starch was studied in three polymers: polyethylene terephtha-
late glycol (PETg), high-density polyethylene (HDPE), and
poly(lactic acid) (PLA). HDPE is one of the most common poly-
mers used in commercial products, with tens of millions of tons
being produced each year?®. Additionally, PETg and HDPE
are notably non-biodegradable, whereas PLA is industrially
compostable2/28,

We co-extruded nine different plastic blends (5.00 g total
each) using a ThermoHaake Mini Lab II twin screw extruder:
three polymer controls (100 wt. % PETg, HDPE, PLA), three
cobalt (II) stearate blends, and three potato starch blends. To
ensure the viability of our findings for commercial applications,
we selected the quantity of additive added based on commer-
cial findings and the degradation-facilitating mechanism of each
additive. Because pro-oxidant additives, being chemical addi-
tives that operate by chemical oxidation-reduction reactions,
are commonly incorporated in concentrations of 5.0 wt. % in
commercial applications, we blended 5.0 wt. % of cobalt (II)
stearate with each polymer to test the effects of the additive''.
Since potato starch acts as a filler additive and has been found
to enhance plastic mechanical properties at 30.0 wt%, we added
it in a quantity of 30.0 wt. %2, We co-extruded each PETg
blend at 230°C, each HDPE blend at 190°C, and each PLA
blend at 220°C. Potato starch and cobalt (II) stearate are both
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thermally stable up to 250°C2930. We set the extruder to run at
100 rotations per minute (RPM).

(a) Inside of twin-screw extruder prior (b) Pouring PETg pellets into extruder to
to extrusion. produce PETg control.

Fig. 1 Photos of the Extrusion Process.

Degradation Testing

We created an environment for plastic degradation through the
use of organic matter compost as a source of degradative mi-
croorganisms. We heated the blends in this compost in an in-
cubator (Beokal Inc. Incubator Model 133000) to accelerate
the degradative mechanisms of additives and induce further mi-
croorganism growth. For each plastic blend, we combined 15.00
g of our composting mixture with 0.25-0.52 g of the extruded
plastic in a Petri dish (90 mm diameter x 15 mm depth). We re-
peated this 3 times for each plastic blend, totaling to 3 trials per
mixture and 27 total trials. Our compost had a moisture content
of 0.7723 g of water per g of compost (77.23%), with a water
holding capacity (WHC) of 0.404 g of water per gram of com-
post. The compost status was mature and had a pH of 6.5 and an
oxygen availability that was low but not anoxic. The WHC was
found using the funnel, filter paper, and drainage (MWHCEggpp)
method®!, We incubated the Petri dishes at ~37°C for 21 days.
Although thermal degradation begins at 28°C -150°C32, we ran
our experiment at the lower end of that range (37°C), the optimal
temperature for the growth of mesophilic bacteria®, to ensure
that mesophilic bacteria can grow simultaneously.
Additionally, considering the biotic degradation mechanisms
of starch we studied, we controlled against potential abiotic
degradation of starch during the testing process. We enclosed
our samples indoors in a closed incubator without exposure to
sunlight, preventing UV rays from inducing abiotic photooxi-
dation in the starch-based plastics. This did not impact the
biotic degradation of starch by microorganisms and the abiotic,
thermal oxidative degradation mechanisms of pro-oxidant-based
plastics, as they are independent of UV availability. We
also controlled for the pH of the compost environment. At pH
= 6.5, abiotic degradation of starch is restricted while biotic

degradation of starch and abiotic, thermal oxidative degradation
mechanisms of pro-oxidant-based plastics are facilitated 2137538,
As outlined previously, to maintain optimal conditions for biotic
degradation of starch-based plastics and abiotic degradation of
our pro-oxidant-based plastics, we incubated our samples at
ideal temperature conditions of 37°C.

We compared the degradation in each blend over time, where
degradation was quantified as the percent change in mass after
degradation testing. After cleaning the samples to isolate the
plastic, we recorded the masses of each plastic blend indepen-
dently (using a Flinn Scientific electronic balance OB2090 x
0.01 g) and recorded qualitative observations prior to biodegra-
dation testing and at 7, 14, and 21 days.

(b) Massing the plastic blends after 7
days.

(a) Incubator setup with all blends after
14 days.

Fig. 2 Photos of the Testing Process.

Statistical Analysis

We collected the data and interpreted its significance using
statistical analysis (software) by a Mann-Whitney U test. A
Mann-Whitney U test is used to determine the significance of
degradation induced by an additive-polymer blend. We also
used Microsoft Excel to plot our recorded trends in degradation.

Results

The quantitative results are summarized below:

Percent Change in Mass of Polymers with/without Additive Percent Change in Mass of Polymers with/without Starch Mixture

“ P
" ‘ " ‘

£ £

L + 2 +

s ] 2
Percent Change (%) in Mass

(b) Control vs. Potato Starch

Percent Change (%) in Mass

(a) Control vs. Cobalt (Il) Stearate

Fig. 3 Percent Change in Mass (Median + 95% CI) by Polymer.
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Table 1 Percent Change (Median £ 95% CI) in Mass for Each
Additive-Polymer Blend.

Additive-Polymer Blend | Percent Change in Mass
(Median + 95% CI)

100 wt. % PETg (con- | 0.56+0.42

trol)

100 wt. % HDPE (con- | 0.3240.68

trol)

100 wt. % PLA (control) | 1.4940.57

PETg + 5.0 wt. % cobalt | 0.85+0.69

(IT) stearate

HDPE + 5.0 wt. % cobalt | 0.2440.26

(II) stearate

PLA + 5.0 wt. % cobalt | -2.77£1.96

(IT) stearate

PETg + 30.0 wt. % | -5.38+3.03

potato starch

HDPE + 300 wt. % | -1.76£1.74

potato starch

PLA +30.0 wt. % potato | -4.36£6.26

starch

Average Mass over Time by Additive

0.500
0475

0.450

e

—e— control
5.0 Wt% Cobalt Stearate
—e— 30.0 Wt Potato Starch

0.425

0.400

Average Mass (g)

0375

0350

2
0325 \ e —
E———

Time (days)

Fig. 4 Average Mass over Time by Additive.

Quantitative Analysis

Summary Table of p-values

The tables below summarize the p-values calculated for each
additive in testing the hypothesis that the additive significantly
accelerates the polymer’s degradation:

The p-values for PLA + 5.0 wt. % cobalt (II) stearate, PETg +

30.0 wt. % potato starch, and HDPE + 30.0 wt. % potato starch
are less than or equal to the critical value for o = 0.05. Thus,
we reject the null hypothesis that the additive does not increase

the mean mass reduction of plastics for those blends (Table 2).

For all other blends in this experiment, we fail to reject the null
hypothesis.

Summary of Significance of Results

Below are the statistical significance of our findings according
to the Mann-Whitney U test:

There is significant evidence that 5.0 wt. % cobalt (I) stearate
accelerates the biodegradation of PLA. There is not significant
evidence that 5.0 wt. % cobalt (II) stearate accelerates the
biodegradation of PETg or HDPE.

(a) PETg

0.50 | —#— PLA + Potato Starch

Average Mass (g)

035

R E—

100 125 150 175 200
Time (days)

(c) PLA
Fig. 5 Average Mass over Time by Additive for each Polymer.

Table 2 p-values for Each Additive-Polymer Blend.

Additive-Polymer Blend p-value
PETg w/ 5.0 wt. % cobalt (II) | 0.90
stearate

HDPE w/ 5.0 wt. % cobalt (I) | 0.50
stearate

PLA w/ 5.0 wt. % cobalt (II) | 0.04
stearate

PETg w/ 30.0 wt. % potato | 0.05
starch

HDPE w/ 30.0 wt. % potato | 0.05
starch

PLA w/ 30.0 wt. % potato | 0.33
starch

Table 3 Significance of 5.0 wt. % Cobalt (II) Stearate on
Biodegradation.

Polymer Acceleration of Degrada-
tion

PETg Insignificant

HDPE Insignificant

PLA Significant

There is significant evidence that 30.0 wt. % potato starch
accelerates the biodegradation of PETg. There is also significant
evidence that 30.0 wt. % potato starch accelerates the biodegra-
dation of HDPE. There is not significant evidence that 30.0 wt.
% potato starch accelerates the biodegradation of PLA.

In the discussion of these findings, we will investigate appli-
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Table 4 Significance of 30.0 wt. % Potato Starch on Biodegradation.

Polymer Acceleration of Degrada-
tion

PETg Significant

HDPE Significant

PLA Insignificant

cations of the additives and make recommendations based on
the polymers we found our additives to most benefit compared
to the general utility and abundance of that additive.

Qualitative Observations

Finally, we share our most significant qualitative observations
from the data collection process for those who intend to recreate
or modify our study:

Table 5 Qualitative Observations.
Plastic extrusion day

Initial observations for incuba-
tor setup and plastic blends
The control blends had a
whiter hue, the cobalt (II)
stearate blends were purple,
and the potato starch blends
were a tan color.

The cobalt (II) stearate blends
were smoother, while the
starch blends were coarse.
The starch blends and HDPE +
cobalt (II) stearate blend were
more flexible.

The cobalt (II) stearate
blends melted faster than the
potato starch blends.

The PLA + cobalt (II)
stearate blend had the quick-
est melting speed.

The PETg + potato starch
blend had a slower melting
speed and spent more time
in the extruder; it could be
more oxidized.

Initial data collection

Final data collection after 21
days

The organic compost was
further shriveled and had
turned a darker hue.

Most of the transparent plas-
tics had turned a dark yellow-
brown hue.

The plastics seemed to have
maintained the same size
and shape.

Discussion

Based on the results, it can be concluded that pro-oxidant addi-
tives such as cobalt (II) stearate act as a more effective additive
than starches like potato starch in facilitating biodegradation of
non-biodegradable plastics such as HDPE and PETg. In contrast,
it can be concluded that starch is more effective than pro-oxidant
additives in facilitating the biodegradation of biodegradable plas-
tics such as PLA. Cobalt (I) stearate demonstrated significant

acceleration only of the degradation of PLA, while potato starch
demonstrated significant acceleration only of the degradation
of HDPE and PETg (Table 3, Table 4). This disagrees with
our hypothesis that potato starch would be most effective with
PLA due to the polymer’s inherent biodegradable nature be-
ing accelerated by the decomposition of potato starch and that
cobalt (II) stearate would be less effective than potato starch
due to the slower nature by which thermal degradation occurs.
We speculate that this could be due to cobalt (I) stearate ac-
celerating pre-existing chemical mechanisms of biodegradation
operating on polymer bonds, rather than initiating a pathway
for biodegradation like starch additives do. Additionally, starch
creates gaps in the structural matrix of PETg and HDPE that
results in microbial attack, which may accelerate degradation
of those polymers to a greater extent than in PLA, in which this
process is already occurring due to its biodegradable nature.

Additionally, a limitation of our study was the relatively small
sample size of our plastics. Due to the lengthy extrusion time
for each blend and a time constraint that was placed on our
research, we were limited to 27 total blends, with 3 blends for
each polymer/additive blend. This made it necessary for us to
employ a rank test for statistical significance that didn’t depend
on a large sample size, potentially decreasing the power of our
results. We hope that future researchers can expand on our work
by using it as a guideline and increasing the sample size in order
to reach a more well-supported conclusion.

Million tons

Global plastic production and accumulation T

.... and future trends
Incinerated

1000 milliontons  \

Accumulation
19502017

Still in use
2900 million tons

=+ 1000

9200 million tons

Discarded
5300 million tons

Yearly production
Resin and fibres

2030 2040 20;0
lllustrated by GRID-Arendal
UNEP (2021). From Pollution to Solution: A global assessment of marine litter and plastic pollution. Nairobi.

1950

1960

1970 1980 1990 2000

Year

2010 2020

Fig. 6 Global plastic production, accumulation, and future trends,

reprinted from United Nations Environment Programme.
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The world currently produces around 460 million metric tons
of plastic each year, around 20 million of which end up as waste
in the environment®. This trend continues to grow upwards,
as plastics become more and more integral to modern society.
In fact, annual plastic production is expected to nearly double
by the year 2050 (Figure 6). We discovered that compared to
pro-oxidant additives, starch additives are more effective for
plastic biodegradation in common polymers like PETg, HDPE,
and PLA. By shifting to the use of these additives, plastic waste
can biodegrade more quickly and help mitigate the ever-growing
plastic pollution problem.

Future Work

Future works could also vary the concentrations of additive
added to each blend, allowing for a comparison to be made be-
tween various concentrations. These would both serve to expand
upon our limited sample size and provide more accurate data on
how the concentration of the additive affects the degradation of
the plastic. Additionally, future studies could incorporate new
methods such as measuring gas evolution or performing infrared
spectroscopy to further test the level of degradation of each plas-
tic. Furthermore, additional studies on mechanical properties of
these plastic blends such as tensile strength or elasticity would
be helpful for providing more accurate recommendations for
their industrial applications.

Our work has significant applications in the plastic manufac-
turing and packaging industries. By shifting to using starch-
based plastics in packaging products, we can ensure a lower
biodegradation period for any of these plastics that end up as
environmental waste. Particularly, due to PLA’s affinity with
cobalt (II) stearate, our findings could have significant appli-
cations in 3D printing. PLA is the most commonly used 3D
printing filament*, and by accelerating its biodegradation, we
can ensure that less of the PLA manufactured ends up in the
environment. This enhanced biodegradation is especially benefi-
cial as PLA is non-recyclable in most commercial facilities-.
Additionally, the red color of the cobalt (II) stearate + PLA
blend introduces possible cosmetic uses for cobalt (II) stearate
as an additive.
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