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Abstract                  

The objective of this work was to evaluate expanded polystyrene 
[EPS] and goat whey as substrates for rearing Tenebrio molitor 
larvae, analyzing microplastic residues in their flour and feces, 
and assessing nutritional impacts. Larvaes were raised in 
darkness at 20 ± 1 °C for 28 days across four treatments 

[substrates]: wheat bran/carrot [control], EPS, EPS with whey, 
and bran/carrot with whey. Flours obtained were analysed: 
protein, fat, and ash content using Lowry, Soxhlet, and 
gravimetric methods, respectively. FTIR spectrometry were used 
to determined microplastics residues in feces and in flour. 
Results showed microplastics in feces, indicating incomplete 
EPS degradation by the larvae. The bran/carrot/whey treatment 
yielded the highest larval weight [77.5 ±4.94 g] and a flour yield 
of 32-33%w/w, while EPS groups had the lower fat content 2.65-

5.24%w/w and higher ash content 8.55-10.07%w/w. 

 
Insects, Microplastics, whey 

 

Resumen  

 

El objetivo fue evaluar poliestireno expandido [PEE] y suero de 
leche de cabra como sustratos en la crianza de larvas de Tenebrio 
molitor. Las larvas fueron criadas en obscuridad a 20 ± 1 °C 
durante 28 días con 4 tratamientos: salvado de trigo/zanahoria 
[control], PEE, PEE con suero y salvado de trigo/zanahoria con 
suero. A las harinas obtenidas de las larvas se les determinó: 

proteína, grasa y cenizas por los métodos de Lowry, Soxhlet y 
gravimetría respectivamente. Por espectrometría de FTIR se 
determinó la presencia de microplásticos en las heces, indicando 
una degradación incompleta del PEE. El uso de salvado de 
trigo/zanahoria con suero resultó con el mayor rendimiento de la 
larva y de la harina [77.5±4.94 g y un 32-33%w/w 
respectivamente], mientras que con el consumo de PEE se 
obtuvo menor grasa 2.65-5.24%w/w y un mayor contenido de 

cenizas 8.55-10.07%w/w. 
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Introduction 

 

This work explores the use of Tenebrio molitor, 

commonly known as mealworm, a coleopteran 

insect from the Tenebrionidae family, as a 

promising organism for addressing global 

challenges in sustainability and food security. Its 

four-stage life cycle makes it a versatile 

candidate for biotechnological applications due 

to its high nutritional value [van Huis et al., 

2013], and ability to consume synthetic 

materials like expanded polystyrene [EPS] 

[Yang et al., 2015].  

 

These larvaes offers a sustainable protein 

source with a lower environmental footprint 

compared to traditional livestock, requiring less 

water and emitting fewer greenhouse gases 

[Oonincx et al., 2015].  

On the other hand, here it is explored the 

potential of goat whey, a nutrient-rich dairy 

byproduct with proteins, lactose, and minerals, 

to enhance larval growth and its nutritional 

content. Combining EPS and goat whey as 

substrates, includes waste management and 

valorizing agro-industrial byproducts, 

emphasizing the evaluation of microplastic 

residues in T. molitor flour and feces.  

Tenebrio Molitor  

 

It is a coleopteran insect from the Tenebrionidae 

family, has a life cycle of 280–600 days, 

comprising egg, larva, pupa, and adult stages. 

Eggs, laid by females [250–1000], hatch in 10–

12 days at 18–20°C into white larvae that turn 

yellowish, growing to 2.5–3.75 cm and 160 mg. 

The larval stage lasts 3–4 months, followed by a 

7–20 day pupal phase and a 2–3 month adult 

stage [Medrano, 2019]. As a nutritional source, 

T.molitor larvaes are rich in protein 

[approximately 20%w/w dry basis] and can be 

fed with cereals, vegetables, or synthetic 

materials like polystyrene, requiring hydration 

from moist substrates to enhance fertility and 

growth. They convert low-quality residues into 

high-quality protein and fat efficiently [Ramos, 

2021].  

 

The nutritional composition includes 

52.8 ± 4.2%w/w crude protein, 36.1 ± 4.1%w/w 

fat, and 3.1 ± 0.9%w/w ash in dry larvae, making 

T. molitor a sustainable alternative protein 

source for human and animal consumption with 

a low environmental footprint [Ramos, 2021]. 

Plastics like polystyrene and agroindustrial 

byproducts pollution. 

Expanded Polystyrene, EPS, a petroleum-

derived plastic, composed of 98% air and 2% 

polystyrene, valued for its lightweight, thermal 

insulation, and moisture resistance properties 

[Muthukumar, 2024], is widely used in 

packaging, construction, and food industries 

[e.g., disposable cups and containers]. The 

global EPS market is projected to grow at 4.8% 

until 2028, yet recycling rates remain low in 

Latin America with Brazil at 24%, Mexico at 

15%, and lower in Guatemala, Honduras, and 

Panama, exacerbating environmental issues. 

EPS’s environmental challenges are related to 

soil contamination, chemical risks from styrene 

[a potential carcinogen] and toxic additives like 

hexabromocyclododecane [HBCD], persistence 

due to non-biodegradability, and impacts on soil 

organisms, contributing to microplastic 

formation [Chae & An, 2018; Lithner et al., 

2011].  

On the other hand goat whey, a nutrient-

rich dairy byproduct from cheese production, is 

rich in proteins, lactose, and minerals; however 

the improper disposal of it, poses environmental 

challenges, but proper management can 

transform it into a valuable resource, unlike 

persistent EPS [Borba et al., 2022]. 

In this sense the use of tow residues from 

different sources are evaluated as an alternative 

to breed Tenebrio molitor, also a potential source 

of protein. 

 

Box 1 
 

 
Figure 1 

Treatments for T.molitor breed, corresponding 

to Table 1 description 

 

 

 
T4 T3 

T2 T1 
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Box 2 
Table 1 

Substrate portion given every 7 days 
Treatment Bran+Carrot [g] EPS 

[g] 

Whey 

[mL] 

T1 

[Control] 

30+10 - - 

T2 - 3 - 
T3 - 3 10 

T4 30+10 - 10 
 

 

Methodology 
 

Substrates and T. molitor larvaes  
 

Larvaes were reared in darkness at 20 ± 1 °C for 

21–28 days. Four treatments were designed, 

each treatment, substrate, had a duplicate, in 

containers with lids for controlled conditions, as 

shown in Figure 1. Substrates were provided 

based on formulations outlined in Table 1. 

Larval weight, EPS consumption, and pupation 

rates were recorded weekly. 

After 24 h of fasting larvaes were 

sacrificed by freezing at -50 °C [MDF-C8V1, 

SANYO, Moriguchi] for 72h, then dried at 60 °C 

for 2 h in an oven [GTF7460, Gourmia, CDMX], 

and ground into flour in a food processor 

[WF2212114, Waring, Connecticut]. Flour 

yields were measured for each treatment and 

stored in a cool, dry place until their 

corresponding analysis. 

Protein, fat and ashes determination.  
 

For protein determination a Bradford Protein 

Assay Kit were used [Bio-Rad Laboratories, Inc. 

2023] and a calibration curve was made [shown 

in Annexes 1] with bovine serum albumin as 

standar [EuroNutec, Qro., Mexico], as well as 

the samples preparation to be read in a 

Microplatereader at 595nm [Allsheng, AMR-

100, Hangzhou], all by triplicate. Fat and ashes 

determination was made according to FAO 

[2011], using 2.5g of each sample, by triplicate 

for each treatment, using the equations: 
 

%raw fat = [[m3-m2]/m1]*100 
 

Where m1= sample weight  

            m2= flask weight 

            m3= flask and fat residue weight 

 

%ashes = [m2-m0/m1-m0]*100 
 

Where m0 = empty melting pot 

            m1= melting pot with sample 

            m2 = melting pot and calcinated sample 

FTIR analysis  
 

Flour of the T.molitor larvaes of each treatment, 

1mg, was mixed with 1mg of KBr in an Agatha 

mortar, then press until getting a tablet and 

scanned with a FTIR [Bruker Vertex 70v, 

Germany], from 400 - 4000cm-1. 

 

Results 

 

Larvaes weight of each treatment were 

determined weekly as reported in Table 2, and 

was observed that treatment 4 [T4] increased 

larval weight by circa 8g more than the control, 

on the contrary, treatments 2 and 3 based on EPS 

did not promote weight gain in the larvaes, 

which concides with the work of Bonilla-Amaya 

[2023]; even when whey and EPS where 

consumed by the larvae the weight gain was 

almost 30g less than with the control.  
 

Box 3 
Table 2 

Larvae´s weight recorded every 7 days  
Day 

T1 
[g] 

T2 
[g] 

T3 
[g] 

T4 
[g] 

0 30 30 30  30  30  30  30  30  

7 45 47 37  39  40 35 64  64  

14 70 71 36  47  41 35 78  83  

21 71  71 35 44  41 36 94  89  

28 71  69 36  47 42 36 81  74  

Average 

Final 

weight 

70 
±1.41  

41.5±7.77 39±4.24 
77.5 

±4.94 
 

 

The nutritional content of the treatments 

can be reflected in the transformation from 

larvae to pupa, so the lesser the nutrients the less 

transformation, when EPS only was consumed 

there were cero pupas, and with the richer in 

nutrients diet [T4] there were an average of 

5.5±0.7 pupas. In this sense the flour yields were 

related with the larvae weight gain, being T2 and 

T3 the smaller yields on dry basis [24.35%w/w 

and 28.04%w/w, respectively] compared to the 

diets where no EPS was used [T1 and T4, 

32.14%w/w and 33.12%w/w respectively].  

 

Protein, fat and ashes determination.  

 

The proximal analysis of the flours obtained 

with each treatment are shown in Table 3, where 

can be observed that the use of EPS as substrate 

reduces almost 50%w/w the protein content of 

the larvaes, so this reduction impact in the 

potential of the T.molitor to be use as an 

alternative protein source as proposed elsewhere 

[Ramos, 2021; Ramos-Elorduy et al., 2002].  
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Box 4 
Table 3 

Proximate analysis of T.molitor larvae flours  
Treatment Protein 

[%w/w] 

Ashes 

[%w/w] 

Fat 

[%w/w] 

T1 
[Control] 

62.54±0.31 4.42±0.13 21.02±1.6 

T2 33.65±0.56 8.55±0.16 2.65±3.79 

T3 35.85±2.33 10.07±0.88 5.24±1.98 

T4 63.77±0.22 4.26±0.14 26.41±0.6 
 

 

Is worth notice that ashes content 

represents the minerals with in the sample, 

generally the ash corresponds to less than 5% of 

the dry matter of the foode, when the percentage 

is higher it suggests contamination with some 

inorganic component [Márquez, 2014]. Based 

on this, the high percentage of ash obtained with 

diets T2 and T3 indicates contamination by 

remnants of the same EPS. 
 

FTIR analysis of T.molitor larvae and feces 
 

Figure 2 shows the spectra from the analysis of 

three flours, blue line corresponds to the flour 

made with larvaes fed with T3, green line 

corresponds to the flour from larvae fed with T1 

and the red line corresponds to the flour from 

larvae fed only with EPS, T2. 
 

Box 5 
 

 
Figure 2 
FTIR spectra of T.molitor larvae flour obtained 

with: T1-green line, T2-red line, T3-blue line 
 

Some of the peaks observed in the 

spectra, found in all the flours analyzed, are at 

1226, 1350, 1433, 1496, and 1619 cm-1. 

According to Pérez-García [2021], these peaks 

correspond to proteins, since the region from 

1100 to 1700 cm-1 is characteristic of peptide 

bonds. Furthermore, the region from 1680 to 

1800 cm-1 is associated to fats, so a peak at 1723 

cm-1 is observed in figure 2; this confirms the 

presence of proteins and fats and the absence of 

microplastics in T. molitor larvae flours. On the 

other hand, figure 3 shows the spectra obtained 

with the feces of mealworms fed with the control 

diet T1, which corresponds to the red line, and 

from the feces of larvaes fed with EPS, T2, 

which corresponds to blue line. 

Box 6 
 

 
Figure 3 

FTIR spectra of T.molitor larvae feces 

obtained with: T1-red line and T2- blue line  

 

According to Torres-López [2016], some 

characteristic peaks of expanded polystyrene are 

found in the 2700 to 3150 cm-1 region, which is 

due to the C-H bond strain of the aromatic ring 

present in the EPS. In the spectra obtained in this 

work, peaks were observed in the feces of larvae 

fed with EPS [T2, red line] within this region, 

specifically at wavelengths of 2881, 2995, and 

3052 cm-1, which could indicate the presence of 

EPS residues. On the other hand, blue line 

corresponding to the feces from the control diet 

does not show these peaks. Another interesting 

region is between 1670 and 2000 cm-1, 

characteristic peaks of aromatic rings. In Figure 

3, we observe that the feces of larvae fed only 

with EPS have peaks at 1793, 1854, and 1922 

cm-1, in contrast to the feces of larvaes fed with 

the control diet, T1. The regions between 1451 

and 1492 cm-1 represent the vibration of the C-C 

bond of aromatic compounds, and in Figure 3, a 

peak at 1483 cm-1 is observed in the feces of 

larvaes fed with the control diet. 

 

Based on these results, it can be 

concluded that T. molitor larvae do not 

completely degrade EPS.  

 

According to Álvarez-Estepa and 

Botache-Laguna [2020], 50% of the consumed 

substrate is transformed into CO2, and the other 

50% is excreted by the larvae in the form of 

biomass and even small biodegraded plastic 

fragments. 

 

Conclusions 

 

The absence of microplastics in the flours made 

with larvaes fed with EPS was confirmed. 

Furthermore, the presence of EPS residues in the 

larval feces was determined. This means that 

although the larvae consume the EPS, it does not 

remain within their organisms and is excreted in 

their feces.  
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This also confirms that Tenebrio molitor 

does not completely degrade the polymer. 

 

On the other hand, the results obtained 

from the nutritional content of the flours 

confirmed the low viability of 

producing/consuming flour from larvaes fed 

with EPS due to its low nutritional content. 

However, the flour from larvae fed with an EPS 

diet supplemented with whey showed high 

percentages of protein, fat, and ash, due to the 

fact that whey provides some of the necessary 

nutrients for their growth. 

 

It is concluded that flour made from 

larvae fed with carrot/wheat bran and whey, T4 

had a higher yield compared to the initial and 

final biomas. The larvae from this treatment 

showed greater weight gain during the 28 days 

of rearing, in addition to greater pupal 

development, which could reduce rearing time 

and optimize flour production. 

 

It is proposed to continue the research in 

this field and work with the EPS-degrading 

microorganisms present in Tenebrio molitor 

microbiome, isolate them, and better understand 

their mechanism of action. 

 

Annexes 

 

Protein determination. 

 

Box 7 
Table 3 

Dilutions made for calibration curve  
Test 

Tube 

# 

Estándar 

Vol [uL]  

Standar Water 

[uL] 

[Protein] 

[uL/mL] 

1 20 Stock 2 

mg/mL 

0  2000 

2 30 Stock 2 

mg/mL 

10 1500 

3 20 Stock 2 

mg/mL 

20 1000 

4 20 Tube 2 20 750 

5 20 Tube 3 20 500 

6 20 Tube 5 20 250 

7 20 Tube 6 20 125 

8 - - 20 0 
 

 

 

 

Box 8 
 

 
Figure 4 

Calibration curve for protein determination  
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