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Abstract: The projected growth of the global population to over 10 billion by 2080 ne-
cessitates groundbreaking sustainable agricultural solutions that enhance productivity
while mitigating environmental impacts. Tenebrio molitor frass (TMF), derived from larval
excrement and exuviae, has emerged as a promising organic fertilizer. Enriched with
macro- and micronutrients, TMF enhances soil functions through microbial communi-
ties that promote nutrient cycling, decompose organic matter, and suppress soilborne
pathogens. Additionally, functional compounds like chitin, cellulose, xylans, and lignin
improve the soil structure, foster beneficial microbes, and activate natural plant defence
responses. The synergy of microbial activity and bioactive compounds positions TMF
as a valuable resource for enhancing plant growth and soil health. Its role as a nutrient
source, biostimulant, and soil amendment aligns with circular economy principles by
recycling agro-industrial by-products and reducing reliance on synthetic fertilizers. TMF
also contributes to sustainable agriculture by improving soil fertility, microbial biodiversity,
and plant stress resilience, while mitigating greenhouse gas emissions and nutrient runoff.
Additionally, TMF-derived biochar offers the potential for environmental remediation as
an effective adsorbent. Despite its advantages, TMF faces challenges in scalability, cost, and
regulations, requiring advancements in processing, enrichment, and supportive policies to
maximize its potential in sustainable farming.

Keywords: Tenebrio molitor; plant growth-promoting microorganisms; biostimulant; chitin;
biochar; environmental remediation; agro-industrial by-products; circular economy

1. Introduction
As of March 2025, the global population has reached 8.2 billion people [1], marking a

significant increase from 5 billion in 1986 and 7.7 billion in 2019 [2]. According to the latest
United Nations World Population Prospects (2024), global population growth is projected
to peak at 10.3 billion in the mid-2080s before gradually declining to 10.2 billion by 2100,
driven largely by declining fertility in recent years in large countries such as China [2].
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According to the Food and Agriculture Organization (FAO), achieving “zero hunger”
by 2030 requires a 50% increase in food production compared to 2012 levels [3], while
meeting the food demands of the growing global population by 2050 will necessitate a
70% increase in agricultural productivity [4]. These ambitious goals call for profound
transformations in agricultural systems, prioritizing sustainable practices and addressing
climate change challenges [5].

Currently, global agriculture mainly depends on using pesticides and chemical fertil-
izers [6,7], but their widespread use poses significant environmental and health risks [8].
Chemical pesticides have been linked to immunotoxicity, respiratory disorders, repro-
ductive system alterations, hormonal imbalances, and increased carcinogenicity risks [9].
The production of chemical fertilizers, also known as mineral fertilizers, is highly energy-
intensive and accounts for 2% of global greenhouse gas emissions [10]. Additionally, while
these fertilizers are pivotal in modern agriculture for their ability to provide essential
macronutrients—nitrogen (N), phosphorus (P), and potassium (K)—their excessive or
improper use has been linked to several adverse environmental impacts. These include
soil acidification, disruption of ionic balance, inhibition of beneficial microbial activity,
accumulation of harmful substances, salinization, groundwater contamination caused by
nutrient leaching, and soil degradation [11]. Despite these drawbacks, the global fertilizer
market is projected to grow significantly, from USD 190 billion in 2021 to USD 240 billion
by 2030, driven by increasing demand from a growing population [12]. This situation
highlights the urgent need to develop sustainable agricultural models that minimize depen-
dence on non-renewable resources and adopt strategies aligned with the principles of the
circular economy. The urgency is underscored by food shortages reported in 2018, affect-
ing nations such as the United States (2.3%), Canada (4.6%), the United Kingdom (8.2%),
Germany (2.6%), Japan (2.9%), Ethiopia (23.4%), Ivory Coast (22.4%), Bangladesh (12.7%),
Pakistan (17.2%), Haiti (45.6%), and India (14.3%) [13].

To tackle these challenges, organic or natural fertilizers have emerged as a viable
alternative to chemical fertilization, with their use increasingly recognized as a key strategy
for achieving sustainable agriculture [14]. Derived from natural resources such as manure,
compost, or organic waste, biofertilizers recycle nutrients while enhancing soil health.
Among these, insect frass—a by-product of insect farming—has attracted considerable
attention for its potential agricultural applications, especially considering the growing
large-scale insect production in Europe and the global insect market. The latter was valued
at around USD 1.2 billion in 2023 [15].

Tenebrio molitor (TM) has been identified as one of the most promising insect species
for large-scale industrial farming [16]. Frass is one of the main by-products of TM rearing,
accumulating during the growth process of insects. TM larvae, reared under standard con-
ditions (temperature 27 ± 1 ◦C; humidity 65 ± 5%; photoperiod dark: light = 24 h:0 h, fed
on bran), produce, on average, 2 to 3 times their weight of frass, equating to approximately
200–300 g of TMF for every 100 g of TM larval biomass [17–19].

Composed of a mixture of insect excrement, shed exoskeletons, and undigested feed,
TMF is dry, friable, and odorless, with a nutrient profile rich in readily mineralizable
macronutrients (NPK) and micronutrients [10,20]. Its rapid mineralization rate further en-
hances its suitability for agricultural use. Beyond its nutritional properties, TMF hosts plant
growth-promoting microorganisms (PGPMs) that improve soil fertility and plant develop-
ment [21–23]. This distinguishes TMF from conventional mineral fertilizers, which lack the
benefits of microbes for soil health. Additionally, TMF contains functional compounds such
as humic and fulvic acids, cellulose, chitin, xylan, and lignin, which significantly contribute
to agronomic performance [15,20].
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The use of frass can produce results for crop production that are comparable to, or even
better than, those of other organic fertilizers. For example, TMF compared to poultry litter
showed 93% more total carbon, 60% more total nitrogen, and an intermediate carbon/nitrogen
ratio, indicating its potential as an effective soil amendment [24]. Additionally, TMF appli-
cation at a rate of 6800 kg ha−1 increased soil nitrogen, potassium, and magnesium by 12%,
30%, and 35%, respectively, compared to poultry litter application at 3400 kg ha−1, resulting
in similar yield and quality of Bermudagrass [Cynodon dactylon (L.) Pers.] [25].

Beyond poultry litter, TMF has also been compared with hen manure and compost. A study
by Hénault-Ethier et al. [26] evaluated TMF, hen manure, and compost across nine vegetable
crops, one herb, and three flower species. The results showed that TMF performed similarly to
hen manure, while plants fertilized with TMF exhibited a 16-fold increase in edible biomass and
produced larger and more abundant flowers compared to those grown with compost [26].

TMF is a competitive alternative to mineral NPK fertilizers and does not exhibit the
negative environmental effects commonly associated with synthetic fertilizers. Moreover, it
shares characteristics with biofertilizers, improving soil health, enhancing microbial activity,
and increasing carbon content. Unlike many other organic fertilizers, TMF is virtually odorless,
dry, and easy to store and transport, making it a practical and sustainable soil amendment [27].

The use of organic waste in TM’s diet also aligns frass production with circular economy
principles, reducing the dependency on external inputs and minimizing waste. While frass
from other insects, such as black soldier flies, or BSF (Hermetia illucens), has widely been stud-
ied, TMF offers distinct advantages due to its composition and production scalability [28,29].

Moreover, TMF can serve as a precursor for creating biochar-based adsorbents used in
environmental remediation [30]. Biochars derived from TMF pyrolysis exhibit unique prop-
erties, making them particularly effective at removing organic and inorganic contaminants
from soil and water, often outperforming biochars derived from other organic materials [31].
This approach offers a viable and sustainable alternative to simply composting TMF, given
the large quantities of frass generated by TM rearings, the low cost of the material, and the
cost-effectiveness of the biochar production process [32].

Figure 1 provides an overview of the key components and applications of TMF,
highlighting its role in soil fertility, plant growth, environmental remediation, and its
alignment with the EU regulatory framework.
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Based on this premise, this review underscores the growing importance of TMF as
an effective organic fertilizer. It emphasizes TMF’s ability to enhance soil health, increase
plant productivity, and promote environmental sustainability due to its rich nutrient com-
position, functional compounds, and microbial communities. Additionally, it highlights the
potential of TMF-derived biochar as an efficient adsorbent for environmental remediation.
By critically evaluating the benefits and limitations of TMF, and addressing legislative
considerations, this study aims to clarify the potential for integrating TMF into sustainable
agricultural practices and environmental recovery.

2. Taxonomy and Life Cycle of Tenebrio molitor
The insect TM, commonly known as the yellow mealworm, belongs to the order

Coleoptera and the family Tenebrionidae, also referred to as “darkling beetles”. Like
many members of this family, TM is a nocturnal insect that thrives in dark and damp
environments, including feed sacks, grain silos, and food storage facilities [33]. It feeds on
broken or damaged cereal grains and milling products [34], making it one of the largest
beetles commonly found in stored agricultural products such as grains, flour, and bran [35].
This insect is holometabolic, meaning its development involves a complete metamorphosis
consisting of four distinct stages: eggs, larvae, pupae, and adults.

The duration of the entire life cycle varies significantly, ranging from 60 days to
1–2 years, depending on factors such as temperature, humidity, diet, and population
density [36], although the average period indicated is usually 30–120 days [37].

The eggs (length: 1.7–1.8 mm, width 0.6–0.7 mm), have a glossy appearance and a bean-
like shape. Coated with a sticky secretory fluid, they can be laid either singly or in clusters.
The time required for the egg’s hatching into larvae is highly temperature-dependent,
ranging from 4 days at 26–30 ◦C to 34 days at 15 ◦C, with the optimal hatching period
being approximately 2 weeks at 25 ◦C [36]. The fully developed larvae have an elongated
cylindrical shape, measuring approximately 25 mm in length and weighing about 0.2 g.
They possess a well-sclerotized structure, six legs positioned behind the head, and two
short appendages at the tip of the abdomen [33,38]. As the larvae mature, their color turns
from pale whitish to yellowish-brown [36]. TM larvae moult many times during the larval
phase, from 9 to 20 times (on average, at least 12 times), before becoming pupae, losing the
exuviae each time [39]. Following the larval stage, the pupal phase begins. The duration
of the larval stage can vary significantly, ranging from 3–6 months to up to 2 years under
unfavorable environmental conditions that hinder the transition to pupae, particularly
during winter [33]. The larvae assume a characteristic “C” shape during their transition to
the pupal stage [40], which can range from 5 to 48 days, depending on the temperature [34].
The pupal stage can vary from 5 to 48 days, depending on the temperature [34]. The pupae
are yellowish-light brown, about 1 cm long, and lack a mouth and anus, a condition that
lasts until they become adults [41]. In the adult stage, a brown beetle measuring 1.0 to
1.8 cm in length emerges from the pupa, gradually darkening as it matures [36]. Its lifetime
in this stage ranges from 37 to 96 days [33] or from 16 to 173 days [40]. The TM life cycle is
illustrated in Figure 2.
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3. Composition and Characteristics of Tenebrio molitor Frass
3.1. Macronutrient and Micronutrient Profile

TMF is generally characterized by a rich abundance of micro- and macronutrients,
making it a valuable resource for food and feed applications [23]. For example, TMF has
been explored as a dietary supplement, supporting the growth of mammals such as rabbits.
These studies highlight the adaptability of TMF as an alternative protein and nutrient
source for these animals, leading to similar growth performance results compared to the
control group [42,43].

In terms of plants, insect frass provides nutrients that are easily absorbed by roots
(Table 1).

Table 1. Nutritional composition of Tenebrio molitor frass.

Elements Concentration (Units) Ref.

Macronutrients

Nitrogen (N) 3–5% [44–46]
Phosphorus (P) 1.5–2.6% [24,44,46]
Potassium (K) 1.1–2.0% [10,24,44,46]

Protein 24.3 ± 1.37 g/100 g (dry weight, w/w) [15]
Lipids 2.22 ± 0.10 g/100 g (dry weight, w/w) [15]

Total organic carbon (TOC) 38.9–49.6% [10,24,44,46]
Magnesium (Mg) 0.5–0.7% [10,24,44,47]

Calcium (Ca) 0.1–0.3% [10,24,44,47]
Sulphur (S) 0.30–0.39% [19,24]

Micronutrients

Sodium (Na) 161.8–500.0 mg/kg [10,19,24]

Iron (Fe) 70.7–140.7 mg/kg
380.0–490.1 mg/kg [10,19,24,44]

Manganese (Mn) 146–230 mg/kg [10,19,47]
Zinc (Zn) 86–150 mg/kg [10,19,47]

Copper (Cu) 11–18 mg/kg [10,19,24,47]
Boron (B) 5.35–11.00 mg/kg [10,19]

Molybdenum (Mo) 0.56–0.96 mg/kg [44]
Aluminum (Al) 0.030 ± 0.03% [10]
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N, K, and P, often present in high concentrations in plant tissues, are selectively
excreted by insects to maintain internal equilibrium. As a result, insect frass contains high
levels of these elements. Applying TMF to the soil can effectively supply the required
amounts of N, P, and K, providing vital support for plant growth [41]. This characteristic
is particularly valuable given that N, a critical plant resource, is frequently scarce due to
inefficient agricultural practices, soil erosion, and biological processes like denitrification
and microbial competition. By serving as an N reservoir and contributing to the soil N
cycle, insects play a vital role at the ecosystem level [48]. P and K in TMF are present in
bioavailable forms, allowing for immediate uptake by plants upon application in the soil.
The N content from TM frass has been observed to undergo gradual mobilization into the
soil (e.g., frass NPK: 5-2-1.7) [49]. The mobilization speed of N should be evaluated with
the crop’s capacity to assimilate the released minerals. For instance, a study on ryegrass
found that the N release from TMF was too rapid for the plant to fully absorb it (frass NPK:
4-1.5-3). To address this, Watson et al. [50] proposed the addition of nitrification inhibitors
alongside frass to enhance N uptake and minimize N losses.

In another study using horticultural peat as a substrate, the application of TMF
at a rate of 5–10 g/dm³ significantly increased the N content of the growing medium
compared to other nutrients such as P, K, Mg, and Na. However, a decrease in the Ca
content was observed two weeks after application [28]. A longer-term study (4 weeks)
also reported an increase in the soil mineral N content released from TMF (frass NPK: 2.3-
2.6-10), highlighting the time-dependent nature of the nutrient release [51]. Additionally,
composting has been shown to further enhance N release from frass. A 32-day composting
experiment demonstrated a significant increase in the N availability from TMF [17]. Thus,
the release of nutrients, particularly N, from TMF is strongly influenced by the duration of
its presence in the soil. However, the dynamics of N transition from TMF to soil and plants
are complex and warrant further investigation. Future studies should consider different
soil types and crop species to better understand and optimize this process.

The nutritional composition of TMF primarily depends on the insect’s diet [41]. In
addition, Poveda et al. [44] demonstrated that the effectiveness of TMF as a fertilizer is
directly dependent on the insect’s diet, underlining the importance of feed quality in
determining the agronomic value of TMF.

Similarly, Mattioli et al. [52] explored the influence of dietary substrates on the physic-
ochemical properties of TMF. The study demonstrated that the fatty acid profile of the
frass closely mirrored the dietary intake of the larvae, emphasizing the strong link between
the larval diet and the composition of TMF. Substrates rich in saturated fatty acids and
monounsaturated fatty acids (MUFAs) led to the persistence of these fatty acids in the frass,
as larvae showed limited conversion capabilities. In contrast, diets higher in polyunsatu-
rated fatty acids (PUFAs) resulted in a proportional increase in PUFAs in the frass. Notably,
the MUFA content in larvae was positively correlated with MUFA deposition in the frass
and inversely correlated with the PUFA levels in feces. This highlights the importance of
dietary composition in tailoring the nutritional profile of frass for specific applications [52].

3.2. Microbial Communities

In addition to supplying essential nutrients, insect frass enhances plant resilience to
both abiotic stresses (such as salinity, drought, and flooding) and biotic stresses caused
by pathogens and pests (including viruses, bacteria, fungi, nematodes, insects, arachnids,
and weeds) that can disrupt plant metabolism [19]. This enhanced resilience is due to the
beneficial microorganisms present in insect frass, including TMF, which act as bioprotec-
tants, biocontrollers, biofertilizers, and biostimulants [19,23,45,51,53]. PGPMs, for instance,
effectively bolster plant defences against pests and diseases, supporting sustainable agri-
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cultural practices [21,22,44]. Many PGPMs improve nutrient uptake and availability by
solubilizing otherwise inaccessible nutrients (e.g., rock phosphate), fixing atmospheric
nitrogen [44,45,49], and promoting zinc absorption [44].

Some of them also synthesize growth-promoting hormones, including indole-3-acetic
acid, cytokinins, auxins, and gibberellins [22,44,54,55], as well as jasmonic acid, which
induces salinity stress tolerance [44], and salicylic acid, which plays a key role in plant innate
immunity [44]. Additionally, these microorganisms: (i) modulate endogenous sugar and
abscisic acid signalling to enhance photosynthesis [54,56]; (ii) produce essential enzymes,
such as glucanases, chitinases, and 1-aminocyclopropane-1-carboxylic acid deaminase,
which support plant growth, and enhance tolerance to various stress conditions [44,57];
and (iii) release siderophores, small molecules with a high capacity to bind iron, aiding in
plant nutrition [23].

Insect frass hosts a diverse range of microbial communities that play a significant role
in key processes, such as cellulose degradation, breaking down plant-derived cellulose into
simple sugars [58], and supplying essential nutrients like vitamins and amino acids.

Although the characterization of microbial communities in TMF is a significant area
of research, several studies have mainly focused on the gut microbial composition of TM
and the impact of TMF on soil microbial diversity to assess its potential beneficial effects
as a biofertilizer. For example, applying frass to the soil increases microbial diversity and
activity, stimulating processes like organic matter decomposition and nutrient mineraliza-
tion. Moreover, frass can suppress soil-borne pathogens by enhancing beneficial microbial
populations with antagonistic properties [59].

Soil treatment with TMF was observed to increase the metabolic activity and di-
versity of the soil microbial population, with the enrichment of chitinolytic microbes
belonging to Gammaproteobacteria, Bacilli, Actinobacteria, and Mortierellomycetes [45,59].
Furthermore, Nurfikari et al. [59] observed an enrichment of Gammaproteobacteria in
TMF-amended soils, particularly of Pseudomonas, Massilia, and Lysobacter, along with a
strong stimulation of Bacillus and Pseudarthrobacter. Regarding the fungal population,
significant changes were observed in the abundance of Mortierellomycetes (Mortierella),
Sordariomycetes (Humicola), and Tremellomycetes (Saitozyma).

While specific data on the microbial communities in mealworm frass are limited, it
is established that its microbial composition varies depending on environmental factors,
such as habitat, diet, developmental stage, and host phylogeny. The microbial diversity
of frass originates primarily from the insect gut, which typically contains a few dozen
species [45,60]. Since frass consists of a combination of excrement and moulted skins
(exuviae), its microbiota can also be enriched by microbes colonizing the insects’ surface,
interior, and surrounding environment [61].

Recently, Praeg and Klammsteiner [62] highlighted that the physiochemical and mi-
crobial composition of frass from BSF, TM, and Jamaican field cricket (Gryllus assimilis)
depends on the insect species. Differences in frass microbiomes persisted even in heat-
treated frass samples, which effectively reduced the viable microbial population without
significantly affecting the fertilizer properties of the frass.

Despite its potential importance, the microbial composition of TMF remains relatively
underexplored, with only a limited number of studies addressing its characterization.
Osimani et al. [61] investigated the TMF microbiota using microbiological and molecular
approaches. Their microbiological analysis primarily focused on Enterobacteriaceae, lactic
acid bacteria (LAB), total mesophilic aerobes, and spore-forming bacteria, with viable
counts reported in Table 2. They did not detect Salmonella or Listeria monocytogenes. The
16S rRNA amplicon sequencing revealed three predominant bacterial groups, belonging
to the genera Enterococcus and Lactococcus, and the family Enterobacteriaceae. Further
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analyses identified specific Lactococcus species (L. garviae and L. lactis) and genera within
the Enterobacteriaceae family, such as Enterobacter, Escherichia, Klebsiella, Trabulsiella, and
Erwinia. Additionally, Clostridiales was detected within the bacterial population.

Table 2. Microbial counts in TMF from two different batches [61].

Frass Batch 1 Frass Batch 2

Enterobacteriaceae 6.8 ± 0.2 a 7.0 ± 0.1 a

Lactic acid bacteria 8.2 ± 0.1 a 7.9 ± 0.2 a

Total mesophilic aerobes 8.7 ± 0.1 a 8.1 ± 0.1 a

Spore-forming bacteria 3.7 ± 0.2 b 5.4 ± 0.3 a

Salmonella spp. Absence in 25 g Absence in 25 g
Listeria monocytogenes Absence in 25 g Absence in 25 g

Microbial counts are expressed in log cfu g−1. Values followed by different superscript letters (a, b), within each
row, indicate statistically significant differences (p < 0.05).

Poveda et al. [44] conducted more extensive metagenomic analyses of TMF, identifying
several key bacterial taxa, predominantly belonging to the phylum Firmicutes, followed by
Proteobacteria. Smaller proportions were attributed to the phyla Tenericutes, Bacteroidetes,
and Actinobacteria (Figure 3).
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Figure 3. Relative abundance of bacterial phyla in TMF.

Within the Firmicutes phylum, the dominant classes were Bacilli and Clostridia. At
the family level, Streptococcaceae, Clostridiaceae, and Bacillaceae were the most preva-
lent, with Lactococcus, Clostridium, and Bacillus being the most detected genera. Notably,
Bacillus species were identified at a high abundance and are recognized for promoting
root development, enhancing nutrient assimilation, and suppressing plant pathogens [44].
Among these, the Gram-positive species Bacillus thuringiensis and Bacillus cereus were de-
tected. These species are well known for their antagonistic activity against a variety of
plant pathogens and are already widely used commercially for biological pest control [41].
Within the Proteobacteria phylum, the main classes observed were Gammaproteobacteria
and Betaproteobacteria (Figure 4) [44].
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highlights Firmicutes (Bacilli and Clostridia) and Proteobacteria (Betaproteobacteria and Gammapro-
teobacteria) as the dominant bacterial groups, with their respective families. The relative abundance
of each class and family is indicated as a percentage.

Among the numerous beneficial effects exerted by the microbial community on plant
growth and development, Barragán-Fonseca et al. [22] highlight the ability of many bacteria,
particularly those belonging to the phyla Bacteroidetes and Actinobacteria, and the class
Gammaproteobacteria, to reduce the incidence of diseases caused by root pathogenic fungi
such as Verticillium dahliae, Fusarium oxysporum, and Rhizoctonia solani.

Poveda et al. [44] also investigated fungal communities, which were predominantly
classified within the phylum Ascomycota (98.4%), while Basidiomycota represented approx-
imately 1.6% of the total analyzed sequences. At the family level, the fungal community
was largely dominated by Aspergillaceae (97.1%), with Aspergillus emerging as the most
abundant genus [44]. Aspergillus species exert synergistic effects on various aspects of plant
growth and development. They stimulate systemic resistance and significantly alleviate
the stress experienced by plants, thereby enhancing their overall health and resilience [63].

Recent research has demonstrated that TMF can positively influence soil microbial
communities, particularly by increasing the bacterial abundance in amended soil, in com-
parison with untreated soils, especially in terms of the enrichment of chitin-degrading
bacteria like Gammaproteobacteria, Bacilli, and Actinobacteria [59]. The breakdown of
chitin into short-chain oligomers is a crucial step in the activation of plant genes linked to
growth and development [64].

The microbial composition of TMF is influenced by dietary inputs and environmen-
tal conditions. Studies have shown that altering the larval diet significantly affects the
microbial community in frass, with high-fibre diets promoting cellulolytic bacteria and
nitrogen-rich diets enhancing the abundance of N-fixing bacteria [41,44,65]. Moreover,
this diet-driven microbial variability may also impact microbial stability after processing,
as certain bacterial taxa, such as Firmicutes, appear more resilient to heat treatment than
Proteobacteria-dominated communities like those found in BSF frass [62]. These findings
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suggest that dietary manipulation during insect rearing could be a key strategy to optimize
frass microbiota for specific agricultural applications.

It is important to underline that most of the microbes occurring in the frass could
disappear after a heat treatment of at least 70 ◦C for 1 h, which is currently mandatory
for the placing of insect frass on the European markets (see section on regulatory frame-
work). While this process significantly reduces the microbial viability, studies suggest that
TMF retains a substantial portion of its microbial community post-treatment, unlike BSF
frass, which experiences a more pronounced microbial decline [62]. The predominance
of Firmicutes in TMF after heat treatment suggests that its functional properties, such as
organic matter decomposition and biocontrol potential, may be better preserved compared
to those of BSF frass [23,44,60,61]. This could make TMF a more effective biofertilizer in
post-treatment applications, especially in soils requiring microbial-driven nutrient cycling
and pathogen suppression.

3.3. Functional Compounds

In addition to its microbial composition and activity, TMF contains several func-
tional compounds that enhance plant growth, soil health, and agricultural sustainabil-
ity [47,59–61]. Fuertes-Mendizábal et al. [20] identified humic acids (7.52%) and fulvic acids
(19.6%) in TMF obtained after growing mealworm larvae fed with whole wheat flour sup-
plemented with vegetables in open trays for 9 weeks. These organic compounds improve
the soil structure, nutrient retention, microbial activity, and plant growth, enhancing key
agronomic parameters [66,67]. TMF also contains structural polysaccharides (expressed
as mean values ± standard deviation in g/100 g dry weight, w/w), including cellulose
(13.6 ± 0.65), chitin (7.40 ± 0.37), xylan (16.4 ± 0.75), and lignin (10.9 ± 0.04) [15], which
provide various agronomic benefits. These concentrations were determined using vali-
dated analytical methods: cellulose, hemicellulose, and lignin were quantified following
the National Renewable Energy Laboratory (NREL) Technical Report [68], while the chitin
content was determined using the modified method by Kumari et al. [69].

In TMF, cellulose—a major constituent of plant biomass and the most abundant
polysaccharide on Earth [70,71]—can help enhance crop productivity, nutrient accessibility,
and soil health. Additionally, it has been associated with positive effects on key soil
parameters, including organic matter content, microbial activity, and water retention
capacity [72].

Chitin, a key component of TMF, plays a dual role in sustainable agriculture by
improving plant growth and offering natural pest protection [73]. Kisaakye et al. [74]
emphasized the potential of chitin-enriched insect frass fertilizer (chFE) as an effective
solution for plant protection, particularly in managing nematodes and other pests. chFE has
been shown to suppress Meloidogyne incognita (root-knot nematodes), while significantly
enhancing spinach growth, increasing the root biomass by 54–74% and shoot biomass by
39–58% compared to commercial nematicides [74]. Moreover, chFE improves soil health,
promotes nutrient release, and supports beneficial microbial activity, fostering a healthier
growing environment that strengthens plant resilience and productivity under varying
environmental conditions. Similarly, Barragán-Fonseca et al. [22] highlighted the benefits
of incorporating chFE into agricultural soils to enhance plant resistance. Recognized by
plants as a microbe-associated molecular pattern (MAMP), chitin triggers a range of defence
responses, including the systemic expression of defence-related genes, programmed cell
death, and the release of reactive oxygen species [22]. Its effectiveness in stimulating plant
defences against pathogens has been demonstrated in various systems, whether applied as a
soil amendment or as a foliar spray [75,76]. Poveda [23] further emphasizes the role of chitin,
particularly when found in insect frass, as a crucial signalling molecule that activates plants’
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natural defences. When recognized as an MAMP, chitin triggers a cascade of reactions
that activate systemic resistance through pathways involving salicylic acid, jasmonic acid,
and ethylene, all essential for plant protection [23]. Parada et al. [77] demonstrated that
chitin and its derivatives enhance resistance to pathogens such as Alternaria brassicicola
and Colletotrichum fructicola. Shamshina et al. [75] investigated chitin as a natural fertilizer
that stimulates plant growth. The study highlighted that, when biodegraded in the soil
by bacterial enzymes (chitinases), chitin releases compounds like ammonia, which have
fertilizing effects and promote the growth of beneficial microorganisms. This decomposition
process is driven by chitinase enzymes, which function at specific temperature and pH
conditions. Notably, bacteria and fungi such as Flavobacterium and Fusarium oxysporum play
a pivotal role in this process [75]. Ramírez et al. [76] demonstrated that chitin promotes the
growth and development of beneficial microorganisms, such as mycorrhizae and Rhizobium
species, which form synergistic relationships with plants. Furthermore, these authors
reported that chitin-induced increases in microbial populations and soil activity enhance
nutrient properties and availability. They also showed that, as growth regulators, chitin and
its derivatives accelerate seed germination, boost plant growth, and improve agricultural
yields [76].

Xylan, another major polysaccharide in TMF, contributes to soil carbon cycling and
plant structural integrity [78,79]. A distinctive feature of xylan is the presence of acetyl
groups in its molecular structure, which influence plant growth, environmental respon-
siveness, and pathogen defence [80]. The degree and position of xylan acetylation affect
its functionality: higher deacetylation can enhance the plant’s mechanical strength and
improve its defence against certain pathogens, while reduced acetylation facilitates xylan
degradation. This process enhances the bioavailability of its hydrolysis products, making
them more accessible to soil microorganisms and plant roots, thereby improving nutrient
uptake and supporting plants [81].

TMF contains lignin, a structurally complex natural polymer that enhances soil sta-
bility [82] and serves as a carrier for controlled nutrient release [83]. According to Ah-
mad et al. [84], lignin could be used to develop slow-release N-fertilizers, phosphate
fertilizers, compound fertilizers, and chelated micro-fertilizers. Modified with various
elements, lignin can offer long-term stability, resistance to leaching, low pollution, high
fertilizer efficiency, low cost, and enhanced biological activity. Thanks to its chemical struc-
ture rich in functional groups, lignin ensures the slow degradation and gradual release of
nutrients, improving efficiency and reducing pollution. In addition, lignin-based fertilizers
are more economical compared to traditional ones, with a price reduction of 20–30% [84].
Furthermore, Savy et al. [85] demonstrated that water-soluble lignin can stimulate the
emergence and early growth of maize seedlings, while Popa et al. [86] suggest its potential
as a plant growth promoter in agriculture. Among its other important applications, the
lignin contained in TMF plays a key role in the formulation of pesticides, where it serves as
a dispersant and adhesive [87]. Singh et al. [88] demonstrated that lignin-based pesticides
could significantly reduce soil leaching, soil pollution, and groundwater contamination.

Therefore, TMF’s cellulose, chitin, xylan, and lignin contribute to soil health, support
plant growth, and enhance overall crop productivity, reinforcing TMF’s potential as a
sustainable agricultural input (Figure 5).
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4. Agronomic Benefits
Agricultural practices often deplete soil nutrients and increase the risk of plant diseases,

leading to crop losses and environmental damage. While mineral fertilizers can quickly
provide an ideal balance of NPK, they often disrupt the soil ionic balance, inhibit microbial
activity, and introduce harmful substances, ultimately reducing soil fertility [11,19,89].
Conversely, organic fertilizers release nutrients more slowly due to microbial activity,
which can benefit some crops but may fail to meet the immediate nutritional demands of
others [14,19].

Insect frass has emerged as a nutrient-rich organic fertilizer and soil amendment.
Among different insects’ frasses, TMF is not only a source of essential macronutrients and
micronutrients but also harbours PGPMs [20,89]. Studies have demonstrated that TMF
performs comparably or even better than inorganic fertilizers, particularly when used in
combination with them.

Table 3 presents the results from studies on the effectiveness of TMF as a fertilizer for
various plants, along with the testing conditions and the quantity of frass utilized.

Table 3. Effectiveness of TMF as a fertilizer.

Plant/Substrate
Tested

Frass Concentration and
Application Method Key Variables Results Ref.

Dragon Fruit Cacti 100%.
Cacti grafted on the TMF.

In vitro.
Cacti exposed to the substrates for

15 days.

Frass from TM larvae fed solely on
polystyrene decreased plant growth by

0.53 cm but enhanced rooting in the
cacti compared to the control group

(cacti grown on tea leaves).

[90]

Arabidopsis,
sunflower,

and tomato

2%.
Soil incorporation.

In pots.
Greenhouse under artificial lights.

Frass added to Arabidopsis does not
induce root defence responses.

TMF addition to sunflower under
nutrient deficiencies compensated for

the lack of all nutrients except N.
Unsterilized TMF increased the shoot

weight of tomato plants.

[19]

Lettuce 1%.
Soil incorporation.

In pots.
Greenhouse.

Soil type: peat.
Initial pH of peat + TMF: 5.2.

Frass treatment promoted plant
growth and increased lettuce chemical
composition (chlorophylls, carotenoids,
leaf soluble proteins, and leaf nitrate).

[20]

Barley 10 t/ha.
Soil incorporation.

In pots.
Controlled greenhouse conditions.
Soil type: soil from cultivated land.

+32% biomass compared to the control,
increased NPK uptake, enhanced

microbial diversity.
[45]
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Table 3. Cont.

Plant/Substrate
Tested

Frass Concentration and
Application Method Key Variables Results Ref.

Bean and chard plants 2%.
Soil incorporation.

In pots.
Greenhouse.

Soil type: vermiculite for bean
study and fluvial soil mixed with

perlite (3/1) for chard plants.

Chlorophyll content (+20%), stem
length (+15%), stem width (+10%), and

aerial biomass (+25%). There was a
40% reduction in salinity impact on

growth. Synthesis of auxins
and siderophores.

[44]

Spinach <1%.
Soil incorporation.

In pots.
At ambient environmental

conditions.
Soil type: a mixture of loamy soil

and perlite.
pH of the soil + 1%TMF = 7.44.

48% increase in both the above-ground
tissues and roots compared to the

inorganic NPK treatment.
[46]

Brussels sprouts 5 g/kg
Soil incorporation.

In pots.
Greenhouse conditions.

Soil type: agricultural soil.

Frass treatment stimulated plant
growth: after 14 days, the leaf surface
area of the plants increased to three

times that observed in untreated soil.

[21]

Italian ryegrass 1.5%.
Soil incorporation.

In pots.
Controlled greenhouse conditions.

Soil type: 1:1 mixture of quartz
sand and agricultural soil. pH of

the soil + 3%TMF = 6.6

TMF enhanced microbial growth and
N mineralization. [50]

Wheat
2%.

Top-dressing after every 2
weeks.

In pots.
Laboratory conditions. Initial and

final pH of soil + 2% TMF = 5.9
and 6.0.

Frass treatment stimulated plant
growth especially from the first to the

fourth week.
[91]

Common sowthistle
and

bristly oxtongue
2%.

Soil incorporation.

In pots.
Laboratory conditions.

Soil type: slightly alkaline soil (pH
= 7.4).

The number of leaves increased by 25.4
and 29.1% in common sowthistle and
bristly oxtongue, respectively. Frass

treatment led to the highest P content
in above-ground plant tissue and

increased root growth.

[92]

Field mustard 2 g/kg.
Soil incorporation.

In pots.
Greenhouse conditions.

Soil type: agricultural soil.

After 14 days of plant growth, TMF
after composting increased leaf area
compared to the control group. Raw

TMF did not reduce the larval survival
of two pests of the field mustard (D.

radicum and P. xylostella).

[93]

Zucchini 5%
Soil incorporation.

In pots.
Greenhouse conditions.

Soil type: sand.

TMF led to the highest plant height,
leaf area, and fresh and dry weight of
the vegetative part and enhanced the

yield of zucchini plants by 62%
compared to control.

[94]

Cress, lettuce, tomato,
and sunflower

6.25%.
Soil incorporation.

In pots.
In growth chamber.

Soil type: agricultural soil (pH 6.8).

Frass treatment on sunflowers
increased sunflower growth similar to

the NPK treatment.
[47]

Several vegetables
and one herb (arugula,
kale, beetroot, carrot,

radish, cucumber,
sweet corn, cherry
tomato, and basil)

0.5%.
Soil incorporation.

In pots.
At ambient environmental

conditions.
Soil type: potting soil with

mycorrhizae with 5% municipal
compost (pH 6.7).

TMF increased the edible biomass (on
average, 16.5 higher than the

control treatment).
[26]

Flowers (nasturtium,
zinnia, and dwarf

sunflower)
0.5%.

Soil incorporation.

In pots.
At ambient environmental

conditions.
Soil type: potting soil with

mycorrhizae + 5% municipal
compost (pH 6.7).

Frass treatment led to a 32-fold
increase in flowering of nasturtium

and doubled flowering of dwarf
sunflower and zinnia.

[26]

Information about soil type and pH is clearly stated when available in the cited reference.

One of the first studies to explore TMF as an organic fertilizer was conducted by
Poveda et al. [44] on chard plants (Beta vulgaris var. cicla). The TMF applied (dosage:
2%, v/v) had an NPK profile of 3-1.5-2 and contained S, Ca, Mg, Mn, Fe, and Mo as essen-
tial micronutrients for plant growth and development. By administering these nutrients
through TMF, the chard plants achieved a higher chlorophyll content, fresh weight, shoot
length, and collar thickness, all of which are economically valuable [44]. Since then, the
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growth-promoting effects attributed to the nutrient supply from TMF have been docu-
mented in various other plants and crops. According to Houben et al. [45], TMF at a dosage
of 10 mg/ha, with an NPK balance of 5-2-2, increased the biomass production in barley.
Similarly, Nyanzira et al. [91] observed an improvement in grain yield after applying TMF
at a dose of 2% (w/v), with high-quality, golden-brown seeds. These authors investigated
wheat (Triticum spp.) cultivated in soils treated with TMF alone, TMF combined with
mineral fertilizers, and untreated soils. Their results revealed that TMF alone produced
growth, root development, and seed quality outcomes like or better than those achieved
with conventional NPK fertilizers, with the best results obtained when combined with
mineral fertilizers [91].

The high labile carbon content and low recalcitrant carbon in TMF make it readily
degradable, enabling the efficient and immediate release of N into the soil. Houben et al. [49]
demonstrated that applying TMF at a rate of 10 t ha−1 significantly increased the N soil
availability and crop yields compared to other organic fertilizers, which do not often deliver
short-term nutrient benefits.

TMF has shown advantages in horticultural substrates. Nogalska et al. [28] found
that TMF reduced the acidifying effects of urea in peat-based substrates, likely due to
its alkaline elements such as calcium and magnesium. Moreover, peat enriched with
TMF demonstrated improved microbiological quality, avoiding issues like salinization or
excessive N accumulation [28].

The nutrient profile of TMF closely resembles that of poultry manure, making it
a viable and environmentally friendly alternative. While poultry manure poses water
pollution risks through nitrate and orthophosphate runoff, TMF presents significantly
fewer environmental hazards. Hénault-Ethier et al. [26] confirmed that TMF and poultry
manure produced similar growth rates and yields across a variety of crops and flowers,
emphasizing its potential as a sustainable substitute.

While insect frass offers numerous benefits, excessive application can lead to negative
effects such as phytotoxicity and eutrophication due to high N concentrations. For example,
Watson et al. [50] observed that increasing the TMF application rates from 1.5% to 3%
inhibited seed germination in Italian ryegrass (Lolium multiflorum), potentially due to
salinity or ammonia toxicity. Optimizing application rates and monitoring salinity levels
are critical to mitigating these issues [50].

TMF contains valuable nutrients and microbial communities that boost plant re-
silience to abiotic and biotic stresses. PGPMs in TMF can solubilize phosphate, produce
siderophores, and enhance plant defences. For instance, TMF has been shown to improve
drought tolerance, salinity resistance, and waterlogging resilience in crops [44].

The combination of TMF with plant growth-promoting (PGP) biostimulants can am-
plify its beneficial effects. Fuertes-Mendizábal et al. [20] demonstrated that lettuce (Lactuca
sativa L.) treated with TMF and PGP biostimulants exhibited higher biomass, enhanced
chlorophyll content, and reduced nitrate accumulation compared to treatments using ei-
ther product alone. This synergy promotes nutrient uptake, supports beneficial microbial
populations like Trichoderma spp., and suppresses pathogenic fungi [20].

In the scientific literature, articles highlighting the negative effects of treatment with
TMF on plants have been emerging. Li et al. [95] studied the application of aqueous extracts
of mealworm frass on wheat, simulating closed space conditions such as those of a space
station. The results showed a strong inhibitory effect on germination and plant growth,
probably due to certain fatty acids.

Several studies have shown that pre-treating TMF, before adding it to the growing
substrate, can limit its phytotoxicity [28,95]. In this regard, Chia et al. [93] studied the
performance of TMF on field mustard under different conditions: as is (raw frass), after
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composting, and after incubation in the soil. Composted and soil-matured frass performed
better than raw frass.

5. Environmental and Economic Impacts and Future Perspectives
Insect farming, particularly for TM production, is pivotal in closing the loop on

agricultural waste management. TM larvae can efficiently upcycle organic residues, such
as vegetable scraps, crop residues, and food processing by-products, into nutrient-rich
frass [96]. This process not only reduces the volume of agricultural waste but also mitigates
its associated environmental issues, such as eutrophication and GHG emissions caused by
improper disposal [97]. By repurposing waste streams that would otherwise pose disposal
challenges, TM farming aligns with circular economy principles and promotes resource
efficiency [98]. The bioconversion of waste into frass provides a sustainable alternative to
traditional organic fertilizers like poultry manure, which often carry risks of water pollution
through nitrate and phosphate leaching [26]. Additionally, TMF production requires less
energy than synthetic fertilizer manufacturing, which is heavily dependent on energy-
intensive processes like the Haber–Bosch method for N fixation [49]. Furthermore, the use
of TMF contributes to carbon sequestration when incorporated into soil, enhancing long-
term soil organic carbon storage and promoting sustainable agricultural practices [46]. This
effect is attributed to TMF’s high organic matter content, its stimulation of microbial activity,
and its role in forming organo-mineral complexes that stabilize carbon in the soil [99].
Recent studies have estimated that the application of insect-derived organic amendments
can increase the soil organic carbon stocks by 0.2–0.6 Mg C ha−1 yr−1, corresponding to
0.73–2.2 Mg CO2-equivalent sequestered per hectare annually [100,101]. Additionally, soil
CO2 flux measurements suggest that incorporating insect frass may reduce short-term
carbon emissions compared to other organic fertilizers, thereby contributing to a more
stable and long-term soil carbon balance [23]. These findings highlight the potential of TMF
as a valuable soil amendment, enhancing both soil fertility and climate change mitigation
through improved carbon sequestration.

The cost-effectiveness of TMF as a fertilizer lies in its multifunctionality as a nutrient
source, biostimulant, and soil amendment. While the initial production costs for TMF
may be higher than those for synthetic fertilizers due to the specialized infrastructure
required for insect farming, its long-term economic benefits are notable. TMF improves
soil health and fertility, reducing the need for additional input over time [44]. Moreover,
the slow-release nature of nutrients in TMF minimizes nutrient runoff, which is not only
environmentally harmful but also represents a loss of investment in synthetic fertilizers [89].
The additional benefits of TMF, such as enhanced microbial activity and plant resilience
to stress, further contribute to its economic value by improving crop productivity and
reducing dependency on chemical pesticides [41].

Regarding specific cost data, no economic results have yet been published on TMF.
However, previous research on insect-based fertilizers has demonstrated potential economic
benefits. For example, research carried out in Africa by Beesigamukama et al. [10] reported
that fertilization with BSF frass costs approximately USD 390 per hectare per season,
compared to USD 854 per hectare per season for synthetic fertilizers, leading to significant
savings for farmers. Additionally, the study found that BSF frass could increase crop
production profits by 10 to 154% and boost farmers’ gross margins by 35% [102].

While TMF has demonstrated a comparable or superior agronomic performance to
BSF frass in several studies, particularly in terms of plant growth, biomass yield, and
plant health [10,93,103], its economic feasibility has not yet been assessed. Future re-
search should focus on large-scale field trials to evaluate its cost-effectiveness in different
agricultural systems.
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Maintaining competitive costs between TMF and synthetic fertilizers on a large scale
is challenging. To scale up TMF production, investments are needed in the automation
and optimization of larval rearing systems. These improvements can help reduce costs
and ensure consistent quality for large-scale agricultural applications. Despite these chal-
lenges, the agronomic and environmental benefits of TMF make it a promising option for
integrating sustainable practices into modern agricultural systems [104].

The future of TMF lies in advancing production scalability, innovating processing
methods, and integrating its use within circular and sustainable agricultural systems.
Furthermore, innovations in frass processing and enrichment, such as biofortification
with additional nutrients or microbial consortia, could expand its utility as a targeted
biostimulant and soil amendment. Such enhancements may improve TMF efficacy in
diverse cropping systems while addressing specific nutrient deficiencies [20,49].

Integrating TMF into regenerative farming practices further supports the transition
towards low-input and eco-friendly agricultural systems, reducing reliance on synthetic
agrochemicals and promoting resource efficiency [104]. TMF represents a promising tool for
addressing global challenges in food security and environmental conservation by closing
the nutrient loop and enhancing the ecological sustainability of agricultural practices.

However, despite its promise, TMF remains underexplored compared to other insect
frasses, such as BSF frass. Much of the existing research has been conducted in controlled
environments, which limits its applicability in large-scale agricultural practices. To fully
unlock the potential of TMF, future research should prioritize the following:

• Long-term field studies assessing the effects of TMF on various crops.
• Optimizing application rates and studying its interactions with soil microbiota.
• Evaluating the ecological footprint of TMF production to ensure sustainability [17].

Continued interdisciplinary research, policy support, and stakeholder collabora-
tion will be critical to fully realizing TMF’s potential as a cornerstone of sustainable
agricultural systems.

6. TMF-Based Biochar
In addition to traditional agronomic applications, TMF in the form of biochar has also

demonstrated its potential in environmental remediation. The pyrolysis process, involving
the thermal degradation of biomass in oxygen-free conditions, stabilizes nutrients and
creates carbon-rich biochar [105–107]. Biochar derived from TMF has shown promise as a
bio-adsorbent for wastewater detoxification and soil remediation [30,31].

TMF biochar can adsorb organic contaminants through various mechanisms that de-
pend on its intrinsic properties—affected by the initial frass and the pyrolysis conditions—as
well as the structures of the contaminants and environmental conditions, particularly pH.
The presence of numerous oxygen-containing functional groups (such as --C--O, C=O,
--OH, and --COOH) on the surface of the biochar facilitates adsorption through several
interactions, including electrostatic attraction, hydrophobic interactions, π-π electron donor–
acceptor interactions, and hydrogen bonding. Additionally, the structure and texture of
biochar, with its specific surface area and porosity, play a key role in physical adsorption,
which can be categorized into surface adsorption and pore filling [32].

For instance, biochar from the frass of TM larvae fed on wheat straw exhibited superior
adsorption of malachite green, a toxic cationic dye, with a capacity of 1738.6 mg/g. This
efficiency resulted more from chemisorption and electrostatic interaction than from a pore
filling effect. In contrast to cationic dyes such as crystal violet and malachite green, the anionic
Congo red showed the lowest adsorption capacity. This phenomenon is due to the electrostatic
repulsion between the anionic dye and the negatively charged surface of TMF-based biochar
due to the presence of hydroxide ions [30]. In another research study, a KOH-activated TMF
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biochar resulted in an optimal and sustainable adsorbent to remove neonicotinoid pesticides,
one of the most widely used categories of insecticides globally, from aquatic environments [32].
Biochar prepared by the pyrolysis of TMF and activated with KOH at 750 ◦C exhibited the
highest specific surface area (1858.80 m2/g) and the highest pore volume (1.11 cm3/g). These
physical properties along with the abundant oxygen-containing functional groups endowed
TMF biochar with an excellent adsorption capacity for neonicotinoid pesticides. However, the
authors admit that further research is needed to study their modified TMF-based biochar for
pesticide adsorption in real wastewater [32].

Regarding metal contamination, Yang et al. [31] studied the heavy metal adsorption
capacities of biochars derived from frasses of TM fed on five lignocellulosic crop residues
and compared them to those of biochars obtained from the original crop residues. The study
demonstrated that the performance of TMF biochar outperforms crop-derived biochar in
adsorbing heavy metals. Metal adsorption onto TMF biochars follows different mechanisms,
including electrostatic interactions, complexation, cation exchange, co-precipitation, and
reduction. The results showed that frass-based biochars had higher adsorption capacities
for Pb(II), Cd(II), Zn(II), and Cr(VI) while improving soil properties like water retention
and nutrient stabilization [31].

Various studies show that TMF biochar contributes to carbon sequestration, sup-
porting circular economy-based initiatives and mitigating greenhouse gas emissions.
Wang et al. [108] studied the CO2 capture capacity and electrochemical performance of
biochar produced from the frass of TM fed on waste fruits. They activated the biochar using
KOH at 600, 700, and 800 ◦C. The results of the CO2 adsorption isotherms indicate that all
of the biochars captured 90% of the CO2 within 20 min. Among these, the biochar activated
at 700 ◦C demonstrated the highest CO2 capture capacity and a promising electrochemical
performance (335.8 F g−1 at 0.5 A g−1). The CO2 capture and supercapacitor performance
of the tested TMF-based biochars are comparable to some modified biochars and have
excellent recycling performance [108].

TMF-based biochar can serve as a green and versatile support for promising catalysts,
offering an effective method for degrading contaminants in aquatic environments. In
this context, He et al. [109] prepared a Fenton-type photo-assisted catalyst from TMF-
based biochar by Fe immobilization. The obtained iron (Fe)-loaded TMF-based biochar
resulted in an efficient catalyst characterized by a high surface area (90.65 m2 g−1) and
good recycling performance. In the Fenton-type photo-assisted heterogeneous system, this
catalyst demonstrated the excellent removal efficiency of malachite green dye, achieving
a 67% reduction in the TOC within 5 min. In this research, the authors also evaluated
the environmental impacts through a life cycle assessment study of two scenarios: the
production of the tested catalyst and the disposal of TMF via composting. Producing
the frass-based biochar catalyst had a lower environmental footprint compared to the
composting of the frass [109].

In conclusion, many authors emphasize that improved adsorption capacities are
obtained by activating TMF-based biochars with alkali or loading them with ions or
metals such as iron [108,109]. This modification improves their effectiveness in adsorbing
contaminants and facilitates the degradation and decontamination processes in soils and
aquatic environments. It is necessary, however, to deepen the mechanisms of action with
which these modified biochars exert their beneficial functions [32,110].

Moreover, the results obtained so far indicate that TMF biochar can compete with
those made from lignocellulosic biomass (rice, wheat, and corn straws) or manure from
various animals (cow, chicken, and swine manure), sometimes proving to be better. These
encouraging results were primarily attributed to the increased Brunauer–Emmett–Teller
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surface area of the produced TMF biochars and the higher total pore volume compared to
other biochars [30–32].

7. Regulatory Framework for Insect Frass Fertilizers in Europe
The regulatory status of insect frass varies globally, with Europe leading in the estab-

lishment of specific legislation. In contrast, regulations in North America and Asia remain
less defined, often classifying insect frass under general organic fertilizer policies. In the
United States, frass is generally regulated as a soil amendment under USDA and FDA
guidelines, while in Canada, it falls under CFIA (Canadian Food Inspection Agency, Ot-
tawa, ON, Canada) regulations for organic fertilizers [111]. In China, insect frass is subject
to general organic fertilizer policies under the Ministry of Agriculture and Rural Affairs
(MARA), without dedicated legislation [112]. Despite the growing interest in insect-based
fertilizers, no harmonized international framework currently exists.

Given this landscape, our study focuses primarily on the European regulatory frame-
work, as it offers the most detailed and structured approach to the commercialization and
agricultural use of insect frass. The European Union has taken significant steps to regulate
insect frass, ensuring its safe and effective application while fostering the expansion of
the insect farming sector. Insect frass, including that derived from TM, is classified as
a by-product of animal origin under European legislation and is not considered waste.
Consequently, it is independent of the Waste Framework Directive (Directive 2008/98/EC).
The regulatory framework governing insect frass significantly evolved with the adoption of
EU Regulation 2021/1925 on 5 November 2021, which amended EU Regulation 142/2011.
This regulation classifies frass as a Category 2 material (medium risk), similar to processed
manure, and establishes specific requirements for its commercialization as a fertilizer. These
requirements include heat treatment at a minimum of 70 ◦C for at least 60 min, compliance
with microbiological thresholds for Escherichia coli and Enterococcaceae to ensure hygienic
safety, and controlled storage measures to prevent secondary contamination or rehydration,
such as the use of well-sealed and insulated silos or hermetically sealed packaging (EU
Regulation 142/2011, Annex XI, Chapter I, Section 2, letters ‘b,’ ‘d,’ and ‘e’).

Before November 2021, EU Regulation 142/2011, which implemented Regulation
1069/2009 on animal by-products, defined “manure” but did not explicitly include insect
frass. This regulatory gap led to inconsistencies across EU Member States, with some
classifying insect frass under the generic category of manure [113]. The introduction of
Regulation 2021/1925 resolved this ambiguity by providing the first official definition of
insect frass: “A mixture of excrement derived from farmed insects, the feeding substrate,
parts of farmed insects, dead eggs, and with a content of dead farmed insects not exceeding
5% by volume and 3% by weight” [114].

In 2021, significant progress was also made in the use of insect frass in organic farming.
EU Regulation 1165/2021 authorized its application in organic agriculture, aligning with
sustainability objectives and expanding its potential use in environmentally conscious
farming practices. The International Platform of Insects for Food and Feed (IPIFF) played
a pivotal role in advocating for the regulatory recognition of frass, particularly given the
rapid growth of insect farming in Europe and the associated increase in by-products like
frass [115]. However, IPIFF and some researchers argue that the current heat treatment
requirement of 70 ◦C for 60 min may not be optimal for insect frass, as it could poten-
tially impact its quality and functional properties. They advocate for tailored standards
that address the specific characteristics of frass while maintaining stringent hygiene and
safety conditions.

Despite its recognition as a fertilizer, insect frass is not yet fully integrated into EU
Regulation 2019/1009, which harmonizes rules for various fertilizer categories and promotes
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the use of biostimulants derived from organic waste. Given its composition—larvae droppings,
undigested organic waste, and exuviae—frass could reasonably be included in Constituent
Materials Category 10 (CMC 10), which pertains to derivative products. However, the absence
of a comprehensive list of derivative products under CMC 10 remains a significant regulatory
gap. A forthcoming delegated act by the European Commission is expected to address this
issue, and the IPIFF is actively advocating for the inclusion of frass in CMC 10 to streamline
national authorization procedures and facilitate intra-EU trade [113].

Currently, no regulation specifies the allowable application rates of insect frass for
agricultural use. This is partly due to the need for further research to establish optimal
rates, which depend on various factors, including the insect species, their diet, and the
crops being fertilized [20]. Additional studies are necessary to evaluate the long-term
environmental impacts of frass and its interactions with different soil and crop systems,
particularly for TMF. Developing comprehensive and standardized regulatory frameworks
will be critical to realizing its full potential as a sustainable agricultural input.

8. Conclusions
TMF offers a unique and versatile solution for sustainable agriculture and environ-

mental recovery. Its nutrient-rich composition includes essential elements such as N, P, and
K, alongside a range of functional compounds, including humic and fulvic acids, cellulose,
chitin, xylans, and lignin. These compounds enhance soil properties, nutrient availability,
and agronomic performance. The presence in TMF of PGPMs further stimulates soil fertility
and disease resistance, setting TMF apart from conventional mineral fertilizers, which lack
these microbial benefits. Additionally, incorporating organic by-products into TM’s diet
reduces reliance on external inputs and minimizes waste, supporting sustainable goals.

Besides serving as a sustainable fertilizer, TMF offers the potential for creating adsor-
bents, such as biochars, through pyrolysis, which have proven to be particularly effective at
removing organic and inorganic contaminants from soil and water. Biochars derived from
TMF are more efficient than those made from other organic materials, representing a valid
and sustainable alternative to simple composting.

Then, the use of TMF not only addresses the environmental drawbacks of conven-
tional fertilizers but also enhances soil health, plant productivity, and resilience to abiotic
and biotic stressors. TMF production, based on resource efficiency and waste reduction,
strengthens its role in regenerative farming practices, offering a sustainable alternative to
conventional fertilizers.

Despite its promise, the scalability of TMF production and its competitiveness with
synthetic fertilizers remain significant challenges. Advances in automation, optimized
larval rearing, and innovative frass processing methods, such as biofortification, are crucial
for reducing production costs and improving its agronomic value. Additionally, a harmo-
nized regulatory framework and long-term field studies are necessary to ensure its safe
and effective application across diverse agricultural systems.

As global agricultural demands increase, TMF stands out as a pivotal resource for
promoting resource efficiency, reducing environmental impact, and fostering sustainable
food production. Continued interdisciplinary collaboration among researchers, policymakers,
and industry stakeholders will be the key to unlocking its full potential and contributing to
the global transition toward sustainable and resilient agricultural systems. Future research
should focus on genomic studies of TMF microbial communities to better understand their
contribution to soil fertility, plant health, and environmental remediation. Investigating the
molecular mechanisms of plant growth promotion and pathogen suppression will provide
deeper insights into how TMF-derived microbial and biochemical interactions enhance crop
productivity. Additionally, developing efficient TMF processing technologies, including
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advanced drying, pelletization, and microbial biofortification, will be essential for optimizing
its stability, application efficiency, and overall agronomic performance. Addressing these
aspects will be essential for harnessing TMF’s full potential as a sustainable agricultural input.
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