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Abstract
Tenebrio molitor, a species of darkling beetle, is capable of metabolizing expanded pol-
ystyrene (EPS), a durable single-use plastic, when in its larval stage, mealworms. EPS 
consumption studies were conducted on mealworm, beetle, and co-culture habitats with 
a one-week acclimation period and a three-week experimentation period to compare the 
EPS consumption rate at each stage. Subsequent experiments tested various beddings (oats, 
beads), supplemental nutrients (spinach, protein powder paste, cucumbers, lemon slices), 
and EPS pre-treatments (lemon-lime soda, lemon juice, tomato paste) to determine the 
effect of those variations on mealworm EPS consumption. It was concluded that one meal-
worm consumes EPS at least fifty times faster than one beetle. EPS biodegradation rates 
were estimated under the assumption that 48.2% of consumed EPS was biodegraded by 
mealworm gut bacteria into carbon dioxide and biomass. It was found that EPS biodeg-
radation rates increased 34.8% in habitats with inedible bead beddings compared to those 
with an edible oat bedding. EPS biodegradation rates by mealworms were also seen to 
increase 482% in habitats where the EPS was pre-treated with lemon-lime soda and 125% 
in habitats with a spinach supplemental nutrient compared to EPS biodegradation rates in 
a habitat with no supplemental nutrient or pre-treatment. Each supplemental nutrient and 
EPS pre-treatment variation in an individual inedible bead bedding improved the meal-
worm consumption rate of EPS. It was determined that approximately four mealworms 
could degrade EPS at least as quickly as natural biodegradation. These findings suggest 
that habitat conditions strongly affect EPS consumption rates by mealworms.
Highlights   
• Mealworm consumption rates of EPS are fifty times greater than those of beetles.
• Mealworm EPS consumption rates are lower in edible beddings than inedible beddings.
• EPS consumption rates by T. molitor improved with cups pre-treated in acidic media.
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1  Introduction

The mass generation of plastic waste has become an environmental issue as manufacturing 
reached 368 million metric tons in 2019 alone (Zalasiewicz et  al. 2016; Plastics Europe 
2020). Plastic is widely used for packaging as it is inexpensive, lightweight, durable, and 
moldable (Marsh and Bugusu 2007; Andrady and Neal 2009; Jaiswal et al. 2020; Urbenak 
et  al. 2020). Polystyrene, a common plastic polymer used in packaging, is estimated to 
make up 7.1% of annual plastic produced and has been found to degrade at a rate of less 
than 1% when in soil for 90 days (Ho et al. 2017; Yang et al. 2018b). Expanded polystyrene 
(EPS), one trade name is Styrofoam, is often utilized as a single-use plastic and occupies 
30% of landfills by volume (Davis 2019). EPS has a minimum lifespan of 500  years in 
nature as it is highly resistant to natural degradation (Davis 2019). Traditional disposal 
methods of EPS result in the generation of environmental pollutant byproducts such as 
furans, dioxins, and polychlorinated biphenyls (Verma et al. 2016). Plastic waste, like EPS, 
agglomerates and breaks down in landfills producing leachate and microplastics, which 
contaminate land, groundwater, and waterways, poisoning the inhabitants and users of 
the water resources (Thaysen et  al. 2018; Cheung et  al. 2019). While the level of toxic-
ity depends on the composition of the plastic, leachate and microplastics contamination 
in an aquatic environment have been shown to interact with the animal endocrine system 
and lead to decreased growth, reproduction, and feeding, while increasing mortality rates 
(Franzellitti et al. 2019).

As a result of the environmental impact by plastic waste, alternative methods to degrade 
or repurpose EPS are being explored. Degradation is one process that has been consid-
ered and tested since the 1970s for reducing plastic pollution utilizing bacteria or photo-
oxidation; studies performed over the last fifteen years show that microorganisms and soil 
invertebrates have the ability to biologically degrade plastics (Albertsson et al. 1987; Chan 
et  al. 2008; Sivan 2011; Yang et  al. 2015a; Ahmed et  al. 2018; Peng et  al. 2019, 2020, 
2021; Yang et al. 2021a, b). Within the past decade, researchers have shown that the larval 
stage of various members of the darkling beetle species have the ability to biodegrade EPS 
such as: T. molitor, Tenebrio obscurus, and Zophobas atratus (Yang et  al. 2015a; Zhou 
et al. 2016; Brandon et al. 2018; Peng et al. 2019; Kim et al. 2020; Lear et al. 2021, Yang 
et al. 2021a). Peng et al. (2019) recorded greater survival rates for T. molitor and T. obscu-
rus when the larvae were fed solely polystyrene than when unfed. Researchers found that 
the larvae of both T. molitor and Z. atratus consumed more polystyrene when provided 
with wheat bran (Yang et al. 2018b, 2021b; Peng et al. 2019). It was determined that yel-
low mealworms, T. molitor, could metabolize EPS due to the presence of two species of 
gut bacteria (Yang et al. 2015a; Brandon et al. 2018; Yang et al. 2018c; Peng et al. 2019; 
Brandon et al. 2021). The ability of the gut microbial communities found within both T. 
molitor and T. obscurus larvae to depolymerize EPS was significantly reduced when the 
mealworms were treated with antibiotics, such as gentamicin (Yang et al. 2015b, 2018c; 
Peng et  al. 2019). The gut microbial communities that were isolated and grown in vitro 
were also ineffective at breaking down EPS and showed no metabolic activity upon inter-
action with EPS (Yang et al. 2015a). This suggests that the mealworm gut provides bacte-
ria with an environment effective for EPS degradation that cannot be replicated in the lab at 
this time (Yang et al. 2015b).

Many researchers proposed degradation mechanisms that outline the depolymeriza-
tion of EPS into carbon dioxide, smaller chain polymers, biomass, and fecula in the gut of 
the mealworm (Zhou et al. 2016; Brandon et al. 2018: Yang et al. 2018c; Tsochatzis et al. 

3   Page 2 of 15



Biodegradation of Expanded Polystyrene by Larval and Adult…

1 3

2021). Yang et al. (2015a) used a 13C- or β 13C-labeled polystyrene to perform a carbon 
mass balance between the consumed polystyrene feedstock and the produced biomass, car-
bon dioxide and fecula. The researchers found that at least 48.2% of carbon from consumed 
EPS is biodegraded into biomass and carbon dioxide (Yang et al. 2015a). The remaining 
51.8% of carbon from consumed EPS is a combination of fecula (49.2%) and carbon that 
is unaccounted for (2.6%) (Yang et al. 2015a). Brandon et al. used a similar carbon mass 
balance method and determined that approximately 46% of carbon from consumed EPS 
was recovered as biomass and carbon dioxide, while the remaining 54% was recovered as 
fecula, consistent with the results of Yang et al. (2015a) and Brandon et al. (2018).

Fecula is often analyzed via gel permeation chromatography (GPC), Fourier-trans-
formed infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA) or pro-
ton nuclear magnetic resonance (1H-NMR) (Yang et  al. 2018c; Peng et  al. 2019). Most 
analyses focus on the weighted average molecular weight, Mw, and the average molecu-
lar weight, Mn, of the fecula which are helpful for determining the molecular weight and 
length of polymers. Since Mw and Mn are measures of molecular weight, GPC is often 
used to separate molecules by size. Using the GPC spectra and other available data, chem-
ists can use the polymer extracts of any sample to determine the Mw and Mn. Polystyrene 
is a long chain polymer with an average molecular weight larger than the byproducts of 
polystyrene biodegradation. Peng et al. (2019) showed that the Mw of the fecula was 29.8% 
lower than that of the EPS fed to mealworms. Additionally, the Mn of the fecula was 11.7% 
lower than that of the polystyrene feedstock for Peng et al. (2019). Other studies confirm 
the decrease in Mw and Mn when comparing the mealworm fecula to the EPS feedstock 
(Yang et al. 2015b, 2018c Brandon et al. 2018). This evidence shows that during the meal-
worm digestive process, the polystyrene is broken down into significantly smaller polymer 
chains than the polystyrene feedstock being consumed.

GPC analysis of fecula produced by gentamicin-treated mealworms proved that the bac-
teria in the gut plays a significant role in the biodegradation process (Yang et al. 2015b). 
The Mw and Mn of mealworm fecula in a Yang et al. (2015b) study were 20.8% and 20.2% 
lower than that of the polystyrene feedstock, respectively. However, the Mw and Mn of the 
fecula from gentamicin-treated mealworms were lower than the EPS feedstock by 1.42% 
and 2.00%, respectively (Yang et al. 2015b). The gentamicin decreased the effectiveness 
of the bacteria in the mealworm gut 10-fold, confirming the role bacteria play in EPS 
biodegradation.

FTIR analyses of mealworm fecula samples by Yang et  al. (2018c) and Peng et  al. 
(2019) provide further evidence of polystyrene degradation. The fecula FTIR spectra 
showed weaker peaks in the 625 nm to 970 nm range compared to those of the polystyrene 
feedstock, indicating fewer ring bending vibrations that are present in many polystyrene 
samples. Additionally, the fecula samples showed fewer benzene peaks, and more carbonyl 
and alkene peaks than polystyrene. This is evidence that the benzene rings in the polysty-
rene were likely broken and depolymerized during the biodegradation process, confirming 
that biodegradation of polystyrene takes place in the mealworm gut (Yang et  al. 2018c; 
Peng et al. 2019).

Peng et al. (2019) utilized TGA to examine the fecula of T. molitor. During the TGA 
process, the mass of the sample and the temperature were recorded continuously. The tem-
perature increase from low to high temperatures (e.g., 40 °C – 800 °C), during which parts 
of the sample undergo a pyrolysis reaction which produces combustible gases and biochar 
(charcoal produced from biomass). The production of combustible gases decreases the 
mass of a sample, creating a “mass-loss.” The different chemicals and components in a 
sample will undergo pyrolysis at different temperatures, creating a unique TGA spectra that 
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creates a temperature and mass-loss profile for each sample. The change in mass can also 
be measured as a mass-loss ratio: the ratio of mass lost in each given temperature range to 
the initial mass of the sample. The mass-loss ratio was used to compare the TGA spectra of 
the fecula of T. molitor to the TGA spectra of the polystyrene feedstock for the mealworms 
as polystyrene undergoes pyrolysis in a specific temperature range. Peng et al. (2019) found 
that the polystyrene fed to the mealworms lost approximately 96.32% of its mass in the 
temperature range between 360 °C and 480 °C. However, the mass-loss ratio of the meal-
worm fecula was only 41.03% in the same temperature range indicating that the mealworm 
fecula had a significantly lower long-polymer concentration, and therefore, a lower poly-
styrene concentration than the feedstock (Peng et  al. 2019). Additionally, approximately 
25% of the fecula underwent pyrolysis in the 40 °C – 360 °C temperature range compared 
to approximately 3% for the polystyrene fed to the mealworms (Peng et  al. 2019). This 
is expected as the most likely components to undergo pyrolysis in that range include gut 
secretion, carboxylic acids, other biological wastes and biodegradation residue, that is not 
polystyrene (Peng et  al. 2019). The evidence obtained from the TGA spectra show that 
while there is EPS biodegradation occurring in the mealworm gut, and byproducts are pre-
sent in the fecula, there is still some polystyrene present in the fecula that is not broken 
down. The exact composition of the fecula remains unknown. Using the results obtained 
from the TGA, GPC, and FTIR spectra for the mealworm fecula samples, compared to the 
polystyrene feedstock, it is shown that the mealworm fecula is not just polystyrene, but 
instead a mix of polystyrene, smaller polymer chains, biological matter, and other byprod-
ucts (Yang et al. 2015a, b, 2018b; Peng et al. 2019).

Currently, researchers have focused on the ability of the larval stage of T. molitor to 
break down EPS without examining environmental and nutritional parameters such as the 
impact of artificial/natural beddings, the effect of added supplemental nutrients other than 
bran, and EPS pre-treatments (Jung et al. 2014; Yang et al. 2015a, 2018a, 2021c; Urbenak 
et al. 2020). Information is also limited on the ability of the adult stage to consume EPS 
and if the presence of beetles in a co-culture, a habitat consisting of both mealworms and 
beetles, will affect mealworm EPS consumption. In this study, the authors investigated the 
effects of various co-nutrients other than bran, beddings, and EPS pre-treatments on the 
consumption rate of EPS by mealworms, as well as compared the EPS consumption rates 
of the larval and adult form of T. molitor alone and in a co-culture. The authors aim to 
identify which habitat conditions and preparations can be beneficial for mealworm EPS 
consumption.

2 � Materials and Methods

2.1 � Habitat Layout Variations

Each habitat was contained in a 33 cm × 20 cm × 13 cm polypropylene container (Steri-
lite) with 25 holes, 4 mm in diameter, drilled into the removable top. A standard habitat 
contained a 30  mL EPS cup (Kirkland), one petri dish with 25–30  g of oats (Quaker 
Oats) and another petri dish with a damp, flattened paper towel. Tap water was used to 
wet paper towels. The beddings tested were 150  g of low-density polyethylene beads 
(Perler) and 150 g of oats (Quaker Oats). Pre-treated cups were fully soaked in either 
lemon-lime soda (Sprite), lemon juice (Realemon) or tomato paste (Hunt’s). Cups 
treated with lemon-lime soda or lemon juice were soaked for 48 h and dried overnight. 
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The tomato paste pre-treatment was spread heavily on the cup and wiped off after 24 h. 
Bead bedding habitats consisted of 100 mealworms with varied supplemental nutrients 
of 5 g cucumber (Pero Family Farms), 5 g protein powder (Orgain) with 2 g water in a 
paste, 5 g spinach (Good & Gather), or no supplemental nutrient. Additional bead bed-
dings were comprised of 100 beetles or a co-culture of 50 beetles and 50 mealworms. 
All three pre-treatment habitats utilized a bead bedding as well. Oat bedding habitats 
had 100 mealworms and varied supplemental nutrients of 5  g cucumber (Pero Fam-
ily Farms), 5 g spinach (Good & Gather), 5 g lemon slice (Dole), 5 g protein powder 
(Syntha6 Edge) with 2 g water in a paste, or no supplemental nutrient. All mealworms 
used were approximately 2 cm in length. Each habitat was tested in triplicate over the 
span of four weeks. All recorded consumption rates were decreased by 5% as not all 
EPS removed from the cup is consumed. Some morsels fell to the bottom of the habitat. 
Yang et al. (2015a) estimates 3 to 5% of the EPS removed from the cup is not ingested 
based on a 13C- or β 13C-labeled carbon mass balance performed on the system. Cup 
masses were recorded at least three days per week for the entirety of the experiment. 
EPS cup masses for pre-treated cups were recorded before and after the pre-treatment 
process in order to determine the added mass resulting from the pre-treatment.

2.2 � Maintenance

Habitats were adjusted every 3 to 5 days. Each EPS cup was weighed on an electronic 
balance (Toprime) with an accuracy of ±0.01 g during each adjustment period, and hab-
itats were replenished with water and fresh nutrients. To maintain a constant total of T. 
molitor at the proper stage, pupae and dead larvae were replaced with live mealworms 
while dead beetles were replaced with live beetles. Four stock bins, one for each life 
stage, were maintained every 4 to 7  days. Pupae found in the larvae stock bin were 
moved into the pupae stock bin, and adolescent beetles in the pupae stock bin were 
transferred to the beetle stock bin. Every 30 days, the eggs in the beetle stock bin were 
harvested by removing all beetles and placing the remaining oats and eggs in a sepa-
rate container. Hatched mealworms were transferred to the larval stock bin once they 
reached an appropriate size of approximately 1 cm. Habitats were kept in a minimally 
lit room with an approximate temperature range of 25 ± 5 °C. After habitats were setup, 
mealworms were given a one-week acclimation period in the new environment. Meal-
worms replaced after the initial setup did not receive an additional acclimation period.

Due to COVID-19 restrictions, some experiments were relocated to an at-home set-
ting. At-home experimentation led to some variable conditions such as temperature and 
humidity, which can affect T. molitor eating habits and mobility; colder temperatures 
result in the mealworms moving slower and eating less, whereas warmer environments 
lead to quicker pupation (Yang et al. 2015a; Bjørge et al. 2018). Without the controlled 
and constant environment provided by the lab, the EPS consumption rates for at-home 
experiments had observable changes when compared to experiments conducted in the 
lab. However, on a week-by-week basis for at-home experiments, there were no notice-
able changes, indicating a consistent setting for at-home conditions. At-home and in 
lab experimental results are not directly compared within this paper. All experimental 
data collected was from at-home experimentation with the exception of the following in 
which experimentation took place in a regulated lab: a bead bedding with worms, an oat 
bedding with worms, a co-culture in a bead bedding, and a bead bedding with beetles.
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3 � Results and Discussion

3.1 � EPS Consumption by Lifecycle Stage

In three weeks, bead habitats containing 100 mealworms, a co-culture of 50 mealworms 
and 50 beetles, and 100 beetles consumed 26.8%, 15.3%, and 0.59%, by weight, of the 
EPS cup, respectively. An increased number of live mealworms present in a habitat led to 
an increase in net EPS consumption. The daily consumption trends are shown in Fig. 1. 
Table 1 shows EPS consumption rates, under the assumption that 5% of the EPS consumed 
fell to the bottom of the habitat in the eating process and was not actually consumed (Yang 
et  al. 2015a). The estimated EPS degradation rate in Table 1 assumes a 48.2% degrada-
tion of consumed polystyrene based on the carbon mass balance data provided by Yang 
et al. (2015a). This estimate is likely conservative as it is made under the assumption that 
the fecula is identical in composition to the polystyrene feedstock, which is known to be 
false through the use of analytical evidence on mealworm fecula and polystyrene feedstock 
(Yang et  al. 2015a, 2018b; Peng et  al. 2019). However, 48.2% of consumed EPS being 
biodegraded is the best estimate available, and the actual EPS biodegradation rates for the 
experiments will likely be higher than those suggested in Table 1. Chronological photos of 
EPS cup consumption by mealworms over five weeks in a representative oat bedding are 
shown in Supplementary Material (SM) Fig. SM1.

In the mealworm habitat, the average consumption rate of EPS by a single mealworm 
was 0.21 ± 0.02 mg/d, while the beetle habitat had an average EPS consumption rate per 
beetle of 0.00 ± 0.01 mg/d. The beetles mostly consumed the hard, protective outer layer 
of the EPS cup (Fig. 2a), while the mealworms focused on consuming the softer and less 

Fig. 1   EPS consumption by 100 mealworms (purple diamonds), 50 mealworms and 50 beetles (green 
crosses), and 100 beetles (blue circles), all in bead bedding. These studies were conducted in a regulated 
lab. Error bars represent one standard deviation of triplicate samples
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dense material beneath the protective layer (Fig. 2b) (Tsochatzis et al. 2021). This obser-
vation is consistent with Yang et  al. (2015a) with regard to mealworm consumption of 
polystyrene blocks. A mealworm has a similar life cycle to a caterpillar, which consumes 
between 4% and 6% of its body weight every hour during its larval stage (Kingsolver 
2000). T. molitor larvae have been observed to metabolize at approximately 9.85 and 4.89 
times the rate of their adult counterparts in low and high protein environments respectively 
(Urrejola et  al. 2011). T. molitor larvae likely consume more than their beetle counter-
part since the larvae are preparing for metamorphosis during the pupal stage. This is evi-
dent by the mealworms consuming fifty times the mass of EPS daily compared to beetles. 
When beetles and mealworms were combined in the co-culture habitats, the average meal-
worm consumption rate of EPS was 0.24 ± 0.02  mg/d, which is slightly higher than the 
0.21 ± 0.02 mg/d in mealworm-only habitats. This co-culture mealworm EPS consumption 
rate was calculated by utilizing the beetle EPS consumption rate to estimate the amount of 
EPS consumed by beetles, subtracting that value from total consumed EPS, and using the 
difference to determine the mealworm EPS consumption rate for the fifty mealworms in the 

Table 1   Average EPS Consumption Rate and Estimated EPS Degradation Rate for each experimental set-
up after the 7-day acclimation period

*Trials were performed in a regulated lab. Trials without asterisks were performed at home in a consistent 
setting as the Rutgers University Chemical Engineering Lab was closed due to COVID-19 protocols
& Co-culture refers to an experimental set-up of 50 mealworms and 50 beetles. All other experimental set-
ups contained 100 of the indicated life-stage
Δ Estimated biodegradation rate is 48.2% of the average EPS consumption rate. This conversion was deter-
mined by Yang et al. (2015a)
# Assumptions made for pre-treatment analysis include all added mass being consumed in the four-week 
period, and the ratio of cup mass consumed to added mass consumed remained constant for the duration of 
the four-week period

Life-Stage Supplemental Nutrient (SN) 
or Pre-Treatment (PT)

Average EPS Consumption 
Rate (mg/Life-Stage/day)

Estimated Δ EPS Biodegra-
dation Rate (mg/Life-Stage/
day)

Bead Bedding
 Mealworm N/A 0.03 ± 0.02 0.02 ± 0.01
 Mealworm N/A* 0.21 ± 0.02 0.10 ± 0.01
 Beetle N/A* 0.00 ± 0.01 0.00 ± 0.00
 Co-Culture& N/A* 0.24 ± 0.02 (mealworm)

0.00 ± 0.01 (beetle)
0.12 ± 0.01(mealworm)
0.00 ± 0.00 (beetle)

 Mealworm Spinach (SN) 0.07 ± 0.02 0.04 ± 0.01
 Mealworm Protein Powder Paste (SN) 0.06 ± 0.02 0.03 ± 0.01
 Mealworm Cucumber (SN) 0.05 ± 0.01 0.02 ± 0.00
 Mealworm Tomato Paste# (PT) 0.14 ± 0.02 0.07 ± 0.01
 Mealworm Lemon-Lime Soda# (PT) 0.18 ± 0.01 0.09 ± 0.00
 Mealworm Lemon Juice# (PT) 0.12 ± 0.01 0.06 ± 0.00

Oat Bedding
 Mealworm N/A 0.04 ± 0.01 0.02 ± 0.01
 Mealworm N/A* 0.16 ± 0.02 0.08 ± 0.01
 Mealworm Cucumber (SN) 0.03 ± 0.01 0.01 ± 0.01
 Mealworm Lemon Slice (SN) 0.07 ± 0.01 0.03 ± 0.01
 Mealworm Protein Powder Paste (SN) 0.10 ± 0.02 0.05 ± 0.01
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habitat. Although the difference in the two mealworm EPS consumption rates was not sta-
tistically significant, it is possible that the presence of beetles increases EPS consumption 
by mealworms. Beetles in a co-culture potentially expose a larger area of softer EPS, which 
could increase EPS consumption rates by mealworms. However, there may be additional 
interactions between the mealworms and beetles which could affect EPS consumption.

Prior studies show that an EPS cup can be degraded at rates of 3% over four months in 
nature – the equivalent of 0.43 mg/d of the EPS cups used in this experiment (Yang et al. 
2018b). Using the conservative 48.2% consumed EPS degradation estimate provided by 
Yang et al. (2015a, 2018b) in both the mealworm-only and the co-culture habitats with a 
bead bedding and no supplemental nutrient, the degradation rates for a single mealworm 
would be 0.10 ± 0.02 mg/d and 0.12 ± 0.02 mg/d, respectively. Based on this conservative 
estimate, it is probable that four mealworms are capable of matching, or exceeding, natural 
EPS degradation. For every additional mealworm added to the habitat, the total consump-
tion of EPS was seen to increase during the 21-day trial. However, it is not known if indi-
vidual consumption rates remain consistent as more larvae are added to the habitat.

3.2 � Effect of Varying Beddings, Nutrients and Pre‑Treatments on EPS Consumption

The average EPS consumption by a single mealworm in habitats with a bead bedding was 
0.21 ± 0.02 mg/d, while a single mealworm consumed 0.16 ± 0.03 mg/d of EPS in habitats 
with an oat bedding. The daily consumption of EPS with various beddings are shown in 
Fig. 3. Habitats with a plastic bead bedding had the highest EPS consumption rate over 
the 21-day period. The bead bedding is inedible and was considered a low-protein environ-
ment, as the only consumable options for the mealworms were EPS and oats in a small 

Fig. 2   a EPS cup consumed by beetles. b EPS cup consumed by mealworms. These studies were conducted 
in a regulated lab
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petri dish. The oat bedding was considered a protein-rich environment, as it provided the 
mealworms with easy access to high concentrations of a nutrient-rich food in the habitat 
(van Broekhoven et al. 2015). Mealworms in the bead bedding followed a similar trend to 
caterpillars, which have been shown to consume food faster in a low-protein environment 
than in a protein-rich environment (Woods 1999).

EPS consumption by T. molitor was affected by the presence of supplemental nutrients. 
In an oat bedding, with either cucumber, no nutrient, lemon slice, or protein powder paste, 
average EPS consumption rates per mealworm were 0.03 ± 0.01, 0.04 ± 0.01, 0.07 ± 0.01, 
and 0.10 ± 0.02  mg/d, respectively. The daily consumption in habitats with various sup-
plemental nutrients can be seen in Fig. 4. Protein powder paste increased consumption the 
most in oat bedding habitats, while cucumber did not have a significant effect on EPS con-
sumption. The supplemental nutrients in a bead bedding of no nutrient, cucumber, pro-
tein powder paste, and spinach produced average mealworm EPS consumption rates of 
0.03 ± 0.02, 0.05 ± 0.01, 0.06 ± 0.02, 0.07 ± 0.02 mg/d, respectively, as seen in Fig. 5. It is 
assumed that the small amount of supplemental nutrient does not have a significant impact 
on the protein concentration of the habitat. The increased consumption rates suggest that 
supplemental nutrients provide additional benefits to mealworm diets. This is consistent 
with studies conducted by Peng et al. (2019) and Yang et al. (2018c) which note signifi-
cant increases in habitats with a bran co-nutrient compared to those with only polystyrene. 
Further, Tsochatzis et al. (2021) found that in habitats with water and bran co-nutrients, 
the presence of monomers and oligomers in the frass was lower than that of habitats with 
just a bran co-nutrient. This indicates that the consumption of water is beneficial for the 
degradation of polystyrene, with one possibility being that it aids in the growth of the T. 
molitor gut bacteria utilized in the biodegradation process. All of the co-nutrients used in 
these experiments had a high water content (spinach, lemon slice, protein powder paste, 

Fig. 3   EPS consumption by 100 mealworms in a bead bedding (green triangles) and oat bedding (blue cir-
cles) with no supplemental nutrient. These studies were conducted in a regulated lab. Error bars represent 
one standard deviation of triplicate samples
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Fig. 4   EPS consumption by 100 mealworms in a bedding of oats with protein powder (green squares), 
cucumber (purple circles), no nutrient (blue diamonds), and lemon slice (red triangles). These studies were 
conducted in an at-home setting. Error bars represent one standard deviation of triplicate samples

Fig. 5   EPS consumption by 100 mealworms in a bead bedding with spinach (green triangles), protein pow-
der (blue diamonds), cucumber (purple circles) and no supplemental nutrient (red squares). These studies 
were conducted in an at-home setting. Error bars represent one standard deviation of triplicate samples
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cucumber), leading to increased degradation rates along with increased consumption rates. 
Sometimes the mealworms struggled to move between the nutrient and the bedding. Often, 
when mealworms accessed the supplemental nutrient, they did not return to the bedding 
until the next bin adjustment. Easier access may improve the consumption rates.

All of the tested pre-treatments increased the consumption of EPS when compared to 
an untreated EPS cup as shown in Fig. 6. Since the pre-treatments added mass to the cups, 
two assumptions were made to account for the additional mass. The first assumption is that 
all added mass was consumed by the end of the four-week window including the acclima-
tion period. The added cup mass for the lemon-lime soda, lemon juice and tomato paste 
pre-treatments were 0.02 ± 0.00  g, 0.07 ± 0.01  g, 0.20 ± 0.02  g, respectively. The second 
assumption is that the ratio of cup consumed to added mass consumed remains constant for 
the duration of the four-week period. For example, a pre-treated cup in a mealworm habitat 
loses 0.62 g of mass over the four-week period. If 0.44 g, 71% of that initial cup mass, was 
consumed during the three-week experimentation period, then it was assumed 71% of the 
added mass was also consumed during the three-week experimentation period. The total 
mass of EPS consumed during the experimentation period is found by taking the difference 
between 0.44 g and 71% of the added mass. This consumed EPS mass was then used to 
calculate the consumption rates on a mass per mealworm per day basis. The average con-
sumption rates of an EPS cup with no pre-treatment, and EPS cups pre-treated with lemon 
juice, tomato paste, and lemon-lime soda in a bead bedding was 0.03 ± 0.01, 0.12 ± 0.01, 
0.14 ± 0.01, 0.17 ± 0.02 mg/d per mealworm, respectively (Fig. 6). If a different assumption 
was made that either all of the added mass, or none of the added mass was consumed dur-
ing the three-week experimentation period, the range of consumption rates for one meal-
worm in each pre-treatment would be 0.11–0.14, 0.11–0.21, and 0.17–0.18 mg/d for the 

Fig. 6   EPS consumption by 100 mealworms in a bead bedding with tomato paste (purple circles), sprite 
(red squares), lemon juice (green triangles) and no pre-treatment (orange squares). These studies were con-
ducted in an at-home setting. Error bars represent one standard deviation of triplicate samples. Assumptions 
made include all added mass being consumed in the four-week period, and the ratio of cup mass consumed 
to added mass consumed remaining constant for the duration of the four-week period
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lemon juice, tomato paste, and lemon-lime soda pre-treatments, respectively. The low end 
of the range for all pre-treated EPS mealworm consumption rate ranges are significantly 
higher than the mealworm EPS consumption rate for an EPS cup with no pre-treatment. 
This indicates that regardless of added mass, pre-treated EPS cups were consumed much 
faster than EPS cups with no pre-pretreatment. The lemon-lime soda EPS pre-treatment 
resulted in the highest consumption rates. It is hypothesized that the high acidity of the 
pre-treatments weakened the hard outer layer of the EPS cup allowing the mealworms to 
consume EPS at a faster rate. It is also possible that the pre-treatments provided an addi-
tional nutrient source on the EPS cup resulting in increased consumption due to increased 
activity on and around the cup.

3.3 � Future Considerations

T. molitor has demonstrated that EPS consumption rates and biodegradation rates can 
improve in the short-term under the right conditions. Yang et al. (2018c) show that survival 
rates for habitats with just polystyrene, and polystyrene with a bran co-nutrient are over 
95% after 35 days. However, the survival rate after 98 days for habitats with polystyrene 
and with polystyrene and bran co-nutrient drop to 11.5% and 81.5%, respectively (Yang 
et al. 2018c). The presence of bran significantly affected the survival rate; it is unknown 
if the presence of other co-nutrients, perhaps those with more nutritional value, would 
increase the survival rate even further. Rho and Lee (2016) have observed that  the lifes-
pan and reproductive output of T. molitor  is affected by the ratio of proteins to carbohy-
drates in their diet.  Malnutrition and increased death rates have also  been seen in other 
insect species, such as caterpillars and grasshoppers, raised in low-protein environments 
for long periods of time (Woods 1999; Le Gall and Behmer 2014). There is potential to 
expand upon the effect of beddings, pre-treatments, and supplemental nutrients discussed 
in this study, including but not limited to using carrots or lettuce as nutrients, more acidic 
pre-treatments, and dirt as a bedding. Additionally, there has been no research performed 
on the mealworm and beetle co-culture to determine if there is chemical signaling that 
increases EPS consumption, such as a released aggregate pheromone. Despite these uncer-
tainties, mealworms show potential to diminish EPS waste in landfills.

4 � Conclusions

In habitats containing an inedible bead bedding, without a supplemental nutrient or EPS 
pre-treatment, a single mealworm can biodegrade EPS at a rate equivalent to 25–30% 
that of natural EPS degradation. Bead habitats were the most effective bedding for short 
term EPS consumption as they had significantly higher mealworm EPS consumption rates 
than the oat habitats. Habitats consisting of supplemental nutrients often led to increased 
EPS consumption over those without supplemental nutrients. Supplemental nutrients 
such as lemon slices, protein powder paste and spinach increased consumption rates the 
most. Acidic pre-treatments of tomato paste, lemon-lime soda, and lemon juice all greatly 
improved EPS consumption rates over habitats in which the EPS cup was not pre-treated. 
Beetles were shown to be ineffective for EPS consumption, but potentially offer aide to 
mealworm consumption; one beetle consumed fifty times less EPS than one mealworm 
under the same conditions. Mealworms, and their gut bacteria, appear to offer a safe 
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approach to consuming and degrading EPS more efficiently than nature can. Until an alter-
native biodegradable material is engineered to replace EPS, environmental conditions 
affecting mealworm consumption of EPS should be further studied to elucidate the poten-
tial of T. molitor to reduce EPS waste.
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