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ABSTRACT: The cradle-to-grave life cycle assessment (LCA) was applied to the preparation of
biomaterials derived from proteins, extracted from black soldier fly (BSF) prepupae, after the i v
larvae were reared on poultry manure-based organic waste. To obtain higher value-added ™" iy i
biomolecules, extraction represents the fundamental step. Therefore, the environmental
sustainability assessments of different extraction/fractionation procedures were compared. In
this way, it is possible to consider also their environmental performances in addition to the purity, e
yield, and integrity of the extract. A chemical method characterized by a one-step protein

extraction was compared to an enzymatic-assisted protocol, employing Bacillus licheniformis waste
protease. Surprisingly, the enzymatic approach resulted for the 31.87% more environmentally e
impacting with respect to the chemical method, despite its lack of organic solvents and reduction

of alkaline and acid solutions employed. Particularly, the long time necessary for the enzymatic hydrolysis significantly contributed to
the environmental impact of this protocol. Therefore, improvements such as biomass pretreatment procedures or the use of different
proteolytic enzymes (e.g., operating at lower temperatures and in shorter times) are needed. Moreover, to reduce the environmental
load of the protein fraction, attention should also be given to increase extraction yields of lipids and chitin biomolecules obtainable
from BSF prepupae, due to the biorefinery approach under which this study was considered.
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H INTRODUCTION solid waste, and further organic wastes,”! thus restraining
bacterial growth and bad odor development.'”™'* Despite
environmental and human health issues/considerations, BSF
larvae/prepupae are excellent sources of biomolecules such as
lipids, proteins, and chitin, which have been exploited in the
production of biodiesel,">~"” pet food preparations,'®"” as well
as biopolymers.”® Particularly, in this latter application field,
the possibility to totally or, at least, partially replace the use of
low-density polyethylene (LDPE) with biopolymers represents
an actual and challenging research field with great potential for
commercial implications. Indeed, LDPE represents the most
employed petroleum-derived polymer in the agricultural sector.
However, it presents significant environmental issues,
especially related to the end of its life.”'

Recently, some of the present authors optimized the
procedure for the obtainment of a freestanding film of
bioplastic from proteins extracted from BSF prepupae.”’ Due

To face the increasing production of waste materials,
innovative technologies for their management and valorization
are urgently needed. This is particularly true for organic waste
materials, due to both their strict worldwide environmental
regulations as well as the increasing global demand for
renewable sources of energy, chemicals, fuels, and materials."”
For these reasons, during the last few years, several strategies
have been proposed for the valorization of organic wastes.
They include thermochemical approaches (e.g., pyrolysis and
hydrothermal treatment)® and the use of less conventional
energy sources such as microwaves,” ultrasound or mechanical
energy,5 fermentation, and microbial digestion,6’7 together with
other biobased strategies. Among the latter ones, bioconver-
sion by insects represents one of the most intriguing and
promising techniques.® Indeed, conversion of organic waste
biomasses into valuable biomolecules is a peculiar character-
istic of several insects, among which Hermetia illucens (Linneus

1758, known as black soldier fly, BSF) represents an excellent Received:  May 21, 2020
example,® possessing several advantages with respect to other Revised:  September 6, 2020
species.” Particularly, adult BSFs do not need to eat; thus, they Published: September 11, 2020

are not vectors of diseases.'’ Moreover, BSF larvae are able to
process and to develop very rapidly on different substrates,
including agri-food byproducts, livestock manure, municipal
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to a good synergy between the plasticizer and the cross-linking
agents employed together with the extracted proteins, it was
possible to reach mechanical as well as moisture-related
properties similar to further innovative protein-based bioPlastic
obtained, for example, from albumen,** crayﬁsh,z‘ and
keratin.”* However, further improvements are yet needed to
reach tensile stresses and strains comparable with bioplastics
for agricultural use already available on the market. Never-
theless, it should be highlighted how the latter ones are mostly
starch-derived, thus responsible for the consumption of soils
and resources, otherwise addressed to human nutrition, and
characterized by high production costs.”> Therefore, alternative
biobased polymers avoiding further use of soil in their
production show fundamental results and are also in need of
being quantitatively assessed in terms of sustainability.

In this latter framework, the aim of this work is to present a
quantitative and trustworthy environmental sustainability
assessment of all of the different processes accompanying the
production of a bioplastic, for potential agricultural use, from
proteins extracted from BSF prepupae after the larvae were
reared on poultry manure.”

The most important step to assure the quality of the final
biomaterial is the extraction of proteins from BSF prepupae.”’
Therefore, particular emphasis is given to the comparison of
the environmental performances of two different extraction
procedures, which were optimized by some of the present
authors™ with the aim to separate all of the three different
fractions obtainable from BSF prepupae (i.e., lipids, proteins,
and chitin) at the maximum level of purity, in a cascade
biorefinery approach.”’

Particularly, a conventional chemical method characterized
by a one-step protein extraction was compared to an enzyme-
assisted one. In this way, it is possible to furnish also
environmental performance indicators for these extraction
strategies, besides the conventional metrics typically consid-
ered during the choice of a particular extraction protocol, i.e.,
extraction yield, time, purity, and integrity of the extract. The
claimed green characteristics of enzymatic-assisted extraction™
is investigated and quantified in a trustworthy manner for the
first time to evaluate if it could fit in the green extraction
procedures,” ~** at least for the particular laboratory-scale
scenario of the present case. The use of enzymes is typically
associated with green chemistry practices, since they usually
operate in a water medium, at low temperatures and ambient
pressure. Moreover, they are produced from renewable
resources and are biodegradable.” On the contrary, environ-
mental criticisms of the use of enzymes in the chemistry field
rely on the high energy consumptions associated with their
production as well as with the product isolation from a high-
boiling-point solvent. Therefore, to quantify the environmental
performances of the herein proposed enzymatic method for
extraction and fractionation of proteins from BSFs and to
compare them with a more conventional chemical protocol,
the life cycle assessment (LCA) methodology represents the
sole feasible holistic approach with respect to other less
comprehensive green chemistry metrics and tools.” The use of
LCA is also recommended for the laboratory-scale chemical
processes.”® This also contributes to the development of
updated LCA databases, leading to a continuous decrease in
the laborious character of LCA itself.

The number of studies evaluating the bioconversion of
organic waste by insects has grown during recent years.
However, to the best of our knowledge, only a few of them

reported the application of LCA methodology but limited to
the bioconversion process.”” > This means that only the
environmental impacts associated with the obtainment of BSF
larvae were assessed and compared with more conventionally
employed nutrient feed sources.

However, from a biorefinery perspective, there is the
fundamental need to recover and efficiently valorize all of
the three main fractions of BSFs along the same chain to gain
maximum benefit from the process. Therefore, the assessment
of the environmental burdens associated with the extraction
and fractionation of biomolecules, as well as with their
subsequent application, should be considered of paramount
importance and an absolute novelty of this work.

B EXPERIMENTAL SECTION

Materials and Methods. Details of the suppliers of all of the
employed chemicals can be found elsewhere, together with detailed
procedures for all of the different phases of the whole process;***’
thus, they are only summarized hereafter.

BSF Rearing. BSF rearing includes different phases. The nursery
covers the BSF adult mating, oviposition, and eggs hatching into
young larvae.

The adult BSFs were kept in a controlled environment at 27 °C
and 70% relative humidity, with a 16:8 light/dark cycle (lit up with
different LED lamps), to guarantee the optimal conditions for mating
and oviposition.*" A camera integrated to a computer (provided with
dedicated algorithms) allowed extrapolating the number of BSFs and
dead flies. The obtained prepupae were used both for the
bioconversion phase and for the maintenance of the colony.

The optimization of the substrate composition was previously>®
reached by means of a simplex-centroid mixture experimental design
based on three parameters, i.e., poultry manure (in the range of 20—
4S5 wt %), water (in the range of S0—70 wt %), and zeolite (in the
range of 5—25 wt %). Five replicate points and three additional center
points were added, leading to a total of 24 experiments. The analysis
of variance (ANOVA) was used to verify the statistical significance of
the three studied garameters on the percentage of individuals that
become prepupae.”® The optimal substrate for the resulting larval
growth was composed of 34.5 wt % poultry manure, 7.2 wt % zeolite,
and 58.3 wt % water.”® The larvae were reared on the optimized
substrate and maintained at 27 °C and 60—70% relative humidity,
employing a photoperiod of 16:8 light/dark cycle until reaching the
prepupal stage. The prepupae were separated from the residual larval
frass using a vibrating sieve. Less than 10% of the prepupae was used
to maintain the production chain, allowing life cycle completion. The
remaining prepupae were collected and stored at —20 °C in zip lock
bags until their subsequent use. The prepupae resulted composed of
37.1 & 0.1% of lipids, 32 + 2% of proteins, and 9 + 1% of chitin, as
determined from triplicate analyses with respect to the dry matter, the
latter being 34 + 1% of the overall biomass.>®

The total content of lipids and proteins in the BSF prepupae was
determined using standardized procedures.” Particularly, the total
lipid content was determined using an automatized Soxhlet extractor
(SER 148/3 VELP SCIENTIFICA, Usmate Velate, Italy) and diethyl
ether as the extraction solvent. Total nitrogen was determined with a
Kjeldahl system (DKL heating digestor and UDK 139 semiautomatic
distillation unit, VELP SCIENTIFICA). To separate the contribution
of protein nitrogen from the chitin one, a nitrogen-to-protein
conversion factor of 5.71 + 0.02 was calculated from the total
amino acid amount.” This was determined by analyzing hydrolyzed
BSFE prepupae samples using high-performance liquid chromatog-
raphy with a fluorescence detector (HPLC/FLD, Waters Alliance
2695), according to the method described by Marseglia et al.**

The chitin content was first obtained by subtracting the protein
contribution from the total nitrogen content. Second, the actual chitin
content was also determined by quantifying glucosamine after chitin
hydrolysis by means of gas chromatography-mass spectrometry (GC-
MS) (Thermo Scientific Trace 1300 gas chromatograph coupled to a
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Figure 1. Flowchart showing the system boundaries considered in the LCA of the BSF larvae rearing.

Thermo Scientific Trace ISQ mass spectrometer, Thermo Scientific,
Waltham), with slight modifications to the method by Flannery et
al®

BSF Biomolecule Extraction and Fractionation. Frozen BSF
prepupae were ground and immediately subjected to one of the
following two extraction and fractionation procedures: a chemical
method with one-step protein extraction and an enzymatic (Bacillus
licheniformis protease)-assisted method, as optimized by some of the
present authors.*®

Chemical Method with One-Step Protein Extraction. The
lipid fraction was extracted from 375 g of BSF prepupae by vigorously
mixing them with 750 mL of petroleum ether (40—60 °C boiling
point fraction) for 2 h. The lipidic fraction was isolated by petroleum
ether evaporation under vacuum. The defatted residue was treated
with 500 ml of 1 M NaOH solution at 40 °C with stirring for 1 h.

The supernatant was neutralized and centrifuged at 3220g for
approximately 15 min, while the solid residue was used for the next
chitin extraction step. Briefly, 40 mL of 6 N HCI solution was then
added to the supernatant to precipitate the protein fraction. The
solution was incubated for 12 h at —20 °C to help protein
aggregation. Subsequently, it was centrifuged at 3220 g and 4 °C for
approximately 15 min. Finally, it was dried at 90 °C for approximately
2 h, returning the protein fraction to be employed in the next
bioplastic preparation phase. The recovered liquid phase was disposed
of as hazardous special waste.

The solid residue, previously separated from the neutralized
supernatant, was demineralized with 500 mL of 2 N HCl solution for
24 h at room temperature, then centrifuged for 30 min at 3220 g. The
precipitate was washed twice with water and the final chitin-rich
residue was dried at 90 °C for 8 h.

Enzymatic-Assisted Extraction. B. licheniformis protease (EC
3.4.21.62) was added together with 375 g of minced BSF prepupae
(1:100 wt/wt ratio) to 3.375 L of 10 mM Na,HPO, buffer solution
(pH 6.5) to initiate the hydrolysis reaction, which was performed at
60 °C and prolonged for 14 h. To inactivate the enzyme, the reaction
mixture was heated at 90 °C for 10 min. Subsequently, it was
centrifuged at 3220 g and 4 °C for 30 min. This allowed obtaining
three different fractions that resulted from top to bottom as follows:
the lipid fraction, the supernatant protein fraction, and the chitin-
based solid residue.

The lipids were easily separated from the other fractions and stored
at —20 °C. The supernatant aqueous phase was separated from the
decanted solid residue, obtaining the protein fraction after water
evaporation.

The defatted and deproteinized chitin-rich solid residue was
demineralized with 500 mL of 2 N HCI solution and washed exactly
as during the previously described chemical method.

Determination of the Extraction Yields. Independent of the
extraction protocol, the obtained lipid fraction was weighed and
compared with the total amount of fat determined by the Soxhlet
apparatus, as previously described. The extraction yield for proteins
was determined by comparing the nitrogen present in the extracts and
the protein nitrogen, previously determined by amino acid analysis.

The efficiency of protein from chitin separation was determined by
the nitrogen content in the extracts (as determined by the Kjeldahl
system). It was compared with the ratio of protein and chitin
nitrogen.

Bioplastic Preparation. For the preparation of bioplastic from
the extracted proteins, the experimental conditions were thoroughly
investigated. Particularly, a design of experiment (DoE)-based
approach was followed to optimize the obtainment of a freestanding
film, due to a good synergy between the plasticizer and the cross-
linking agent added in the formulation.”® A full factorial design was
selected with two replicates for each experiment for error estimation.
Four center points were added with the aim to investigate the
eventual presence of curvature,”” leading to a total of 26 experiments.
To point out the cause—effect relation between the component ratio
and the capability to form freestanding materials, the analysis of
variance (ANOVA) was performed.

The two different extraction protocols considered, although leading
to proteins characterized by slightly different qualities (determined by
the degree of hydrolysis, as detailed in ref 28), resulted in being
irrelevant for the quality of the obtained bioplastic. On the contrary,
the latter resulted in being strictly dependent upon the protein
amount.

Independent of the extraction method employed, the protein
fraction recovered was ground by a dry analytical mill (IKA, A10
basic) and sieved, to ensure the homogeneity of the particle size was
below 40 ym, with the aim to equalize the reactive surface available
during polymerization.

The optimal mixture for the preparation of the bioplastic was
composed of 0.5 g of sieved proteins, distilled water (6.5 g), glycerol
(042 g), and 1 M NaOH (0.04 g) to reach pH near 10, thus
promoting protein solubilization in water. The mixture was heated at
60 °C for 30 min with stirring at 8 g. It was subsequently poured into
an aluminum wrapper and incubated, at room temperature, under a
fume hood for 24 h. The obtained protein-based thermoplastic
material (after conditioning in a controlled-environment chamber at
25 °C and 50% relative humidity) was homogeneous and free-
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Figure 2. Flowchart showing the system boundaries considered in the LCA of the lipid fraction extraction by the chemical method.
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Figure 3. Flowchart showing the system boundaries considered in the LCA of the protein fraction extraction by the chemical method.

standing, possessing a thickness of 0.4 mm, a density of 1.4 g/cm?,
and an elongation at break around 30% (due to tensile stress).

B LIFE CYCLE ASSESSMENT

The LCA methodology was applied according to ISO 14040*
and 14044."” Its constituting phases are detailed hereafter.

Goal and Scope Definition. Goal Definition. The goal of
the study was to assess the environmental impacts of the life
cycle (from the cradle to the grave) of the process leading to a
BSF protein-derived bioplastic, for potential agricultural use, to
highlight the most critical phases of the whole process. Two
protein extraction protocols are compared to identify the
greener alternative for obtaining valuable biomolecules.

System, Functional Unit, and Function of the System. The
system object of the study is the process for the preparation of
a bioplastic from proteins extracted, by two alternative
extraction methods, from BSF prepupae reared on poultry
manure.

The functional unit was the amount of bioplastic produced
from proteins extracted from BSF prepupae at a laboratory

scale (ie., 0.403 g). The amount and the quality of bioplastic
were independent of the extraction method used for protein
separation. The comparison between the two different
extraction procedures was performed for the same amount of
proteins recovered, i.e,, 0.5 g. This corresponds to the amount
of proteins necessary for the obtainment of the functional unit
of bioplastic.

The function of the system studied was considered as the
potential agricultural use (e.g., as a film of mulch) of the
obtained bioplastic. However, since it has not been tested yet
for biodegradability, duration, and effect on productivity, the
use phase of the bioplastic was excluded from the study. Its
end-of-life scenario (i.e., after use phase) was considered to be
a composting one.

System Boundaries. The boundaries of the system comprise
the rearing of the BSF larvae, the extraction and fractionation
of biomolecules from BSF prepupae, and the final production
of bioplastic from the only protein fraction, according to the
experimental procedures summarized in the Experimental
Section. All of the energies involved, the laboratory equipment
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Figure 4. Flowchart showing the system boundaries considered in the LCA of the chitin fraction extraction by the chemical method.
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Figure S. Flowchart showing the system boundaries considered in the LCA of the enzymatic-assisted extraction protocol, employing B. licheniformis

protease.

employed (with their end of life), the transport contributions,
together with the emissions into air and the local and the
indoor emissions were considered as well. They are
summarized in the flowcharts of Figure 1—6.

As reported in Figures 2—4, the chemical method comprises
three separate steps, one for each of the fraction (lipids,
proteins, and chitin) to be extracted from the prepupae. On the
contrary, during the enzymatic-assisted extraction, enzymatic
hydrolysis of the ground prepupae using protease was carried
out directly, thus obtaining the three different fractions in a
single step (Figure 5).

Both extraction and fractionation techniques were modeled
applying a multioutput scenario, with the protein fraction as
the main product and the other two fractions as co-products.
This was done to not only make the comparison more reliable
but to also consider the studied process from a biorefinery-

approach perspective (thus considering also the potential value
of lipids and chitin fractions). Particularly, a mass allocation
criterion (based on the extraction yields) was adopted for both
extraction protocols to allocate the environmental damages
among the different obtainable biomolecules.

Life Cycle Inventory (LCl) and Life Cycle Impact
Assessment (LCIA). Most of the data employed for the LCI
phase were primary data, thus directly collected in the
laboratory during the experimental activities. The inventory
was completed with secondary data obtained from the
Ecoinvent database (EID, version 3.4).*® EID data were
mainly used to model the background processes (i.e., land use,
material production, fuel and electricity production, and
material transport).

Particularly, the data set used for the modeling of electricity
starts with medium-voltage electricity arriving at the trans-
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Figure 6. Flowchart showing the system boundaries considered in the LCA of the final bioplastic preparation step from the previously isolated

protein fraction.

former station and ends with 1 kWh of medium-voltage
electricity transformed into low voltage, including the losses
during voltage transformation. Its inventory was modeled
considering the Italian mix of electricity.

An average distance of 100 km was considered for the road
freight transport by diesel EURO6 lorries for both materials
and equipment. However, two different lorry capacities were
considered, i.e.,, 3.5—7.5 and 16—32 metric tons for materials
and equipment, respectively.

The emissions into the air were supposed to be 1% of the
total mass of each precursor. Further, 99% of each emitted
substance was considered to be retained by an active carbon
filter. The unretained materials were considered to be released
in the laboratory. The disposal in a landfill for residual
materials was considered as the end-of-life scenario for the
used filter.

The main contributions to the LCI for the different phases
of the process are reported in Tables S1—S8 in the Supporting
Information, in which the sources of data used for the
considered amounts are indicated, together with those of the
background processes considered. When a given substance was
missing in the EID, new processes describing its preparation
were modeled. This was done after performing an accurate
literature search, going backward until procedures employing
precursor compounds available in the EID were found.
Alternatively, they were replaced by the most similar substance
available in the database, as in the case of B. licheniformis
protease. This was the material generically defined as
“enzymes” in the EID, whose process assumes that they are
produced from potato starch along with a bacterial strain. It is
assumed that 4.16 kg of potato starch is needed to produce 1
kg of enzymes." Heat and electricity inputs required for the
production of the “enzymes” are considered by EID as the
average values reported in ref 50 for the production of three
different enzymes, i.e., a-amilase, glucoamilase, and cellulase.
They belong to the enzyme class of hydrolase, exactly as the B.
licheniformis protease experimentally employed in the enzy-

matic-assisted extraction process. Therefore, the approximation
made was considered reasonable.

Further approximations regarded Na,HPO, (necessary for
the enzymatic-assisted extraction protocol) and petroleum
ether (used for the separation of lipid fraction by the chemical
method) chemicals. In the first case, the EID substance sodium
phosphate was considered, while a 50:50 wt% mixture of
pentane and hexane EID substances was used in the second
case.

The inventory analysis was modeled in SimaPro 9.0.0.49.”"
The environmental impacts were calculated (LCIA phase)
using the IMPACT 2002+ evaluation method,>*™>* since it
accounts for more impact categories and substances compared
to other methods. Moreover, it allows the environmental
impact to be quantified both at a midpoint level (i.e., referring
to an intermediate position along the cause—effect chain) and
at an end point one (ie., at the point at which the damage
occurs). This is important since, while the former approach
reduces the degree of uncertainty, it is usually less useful in
decision-making with respect to the latter approach.

However, to describe the system studied in a more
representative manner, the following modifications were
implemented in the evaluation method:*>*¢ (i) land
occupation impact category was introduced using basic
indicators accounting for both land occupation and trans-
formation, (ii) additional resources from the mineral category
of Eco-indicator 99°7 (i.e., silver, gravel, lithium, sand,
bromine, and water in the ground) were considered to better
characterize the mineral extraction impact category, and (iii)
human health indoor and human health local damage
categories were introduced to consider the impacts arising
from the air emissions on both workers (indoor scale) and
people living in the area surrounding the laboratory (local
scale). To evaluate the abovementioned indoor and local
emissions, the Eco-indicator 99 framework and the Gaussian
Plume Modelling®® were employed, as detailed elsewhere.*®
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B RESULTS AND DISCUSSION

The results of the two different extraction and fractionation
protocols applied to the BSF prepupae are summarized in
Table 1, in terms of extraction yields.”

Table 1. Summary of the Results Obtained from the Two
Different Extraction Methods Applied

chemical method

enzymatic-assisted method

lipids (Y: %) 87 10
proteins (Y: %) 84 67
purity of chitin (%) 92 35

The solvent-based chemical method is characterized by
higher extraction yields with respect to the enzymatic-assisted
one, both in terms of lipids as well as proteins. Regarding the
chitin-rich fractions, since pure chitin was not experimentally
isolated by the residual solid materials but only the chitin
purities of these residues were determined,”® these values (i.e.,
92% for the chemical method and 35% for the enzymatic-
assisted one) were approximated in this study as the yield ones.

Environmental Impact Assessment of Bioplastic
Production from Proteins Extracted by the Chemical
Method from BSF Prepupae. The life cycle impact
assessment (LCIA) assigns environmental loads to all of the
different inputs inserted during the LCI phase. After classifying
the environmental impacts into the appropriate impact
categories and referring them to an intermediate position
along the cause—effect chain, thus obtaining the so-called
midpoint results, they are subsequently grouped into damage
categories and allocated at the point at which the environ-
mental effect occurs (i.e., end point results).

The single-score evaluation results (i.e., obtained after
normalization and weighting operations internally performed
by the IMPACT 2002+ evaluation method algorithm®>*”) for
the preparation of 0.403 g of bioplastic (i.e., the functional
unit) from the protein fraction extracted considering the
solvent-based chemical method are reported in Figure 7 and
quantitatively detailed in Table 2 (the LCIA midpoint as well

as end point results are instead detailed in Tables S9 and S10,
respectively).

The damage associated with 0.403 g of bioplastic is 1.49 X
10™* Pt (with Pt representing the eco-indicator points: the
bigger the value, the worse the impact of that particular process
on the environment). As visible in Figure 7 and inferable from
the data of Table 2, the most affected damage category is the
human health one. It contributes 35.19% to the whole
environmental load, with Respiratory inorganics and Carcino-
gens impact categories contributing 24.09 and 9.82%,
respectively (Table 2). The most responsible substances are
hydrocarbons (for 23.38%) and particulates <2.5 um (for
22.48%), which are mainly associated with the extraction/
separation of the lipid fraction and the electricity production,
respectively.

Resources is the second damage category affected by the
studied process (contributing 33.66% to the entire environ-
mental damage, Figure 7). The impact on this damage category
is mainly due to the consumption of water for turbine use (for
26.53%), natural gas (for 25.51%), hard coal (for 16.05%), and
crude oil (for 15.77%), accompanying electric energy as well as
petroleum and natural gas production.

The climate change damage category (comprising the sole
global warming impact category) is affected 24.20% (Figure 7),
with the main responsible (contributing 93.87% to it)
substance being CO,, mostly (for 22.99%) generated during
electricity production by hard coal.

The subprocess leading to the protein fraction is the less
environmentally benign (among those considered), producing
the highest contribution to all of the damage categories
considered.

Therefore, to more deeply investigate the contributions to
its environmental impact as well as the possible actions to be
undertaken (including extraction strategies alternative to the
chemical method considered here), the LCIA of this
subprocess was performed. Particularly, the amount of proteins
needed for the obtainment of the functional unit was
considered (i.e., 0.5 g). The single-score evaluation results
for the isolation of 0.5 g of protein fraction (together with the
corresponding lipids as well as chitin co-products) are reported
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Figure 7. Single-score evaluation results for the analysis carried out for 0.403 g of bioplastic prepared by the protein fraction extracted from the BSF
prepupae by the solvent-based chemical method (the total damage of the process, obtained by summing the damages of all of the contributing

subprocesses indicated in the figure, is 1.49 X 107* Pt).
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Table 2. Single-Score Evaluation Results for the Laboratory-Scale Production of 0.403 g of Bioplastic from the Protein
Fraction Extracted from the BSF Prepupae by the Solvent-Based Chemical Method

protein end of life/waste
damage category impact category unit fraction other materials equipment electric energy transport treatment
human health carcinogens Pt 145x107° 137X 107 330x107° 170 x 107°  3.16 x 107*° 3.66 x 107°
noncarcinogens Pt 170 X 10°¢ 421 x 107 737%x107°  S563x 1077  237%x107° 7.17 x 1077
respiratory inorganics Pt 3.51x107° 3.25 x 1077 141 x 1077 216 x 107  2.84 x 107 2.37 X 1078
ionizing radiation Pt 146 X 1077 910 x 107" 174 x 107  L18x 1077  7.03 X 107" 2.54 x 107"
ozone=layer depletion ~ Pt  6.11 X 10~ 9.70 X 107 1.90 x 107" 393 x 107" 835 x 107" 342 x 1072
respiratory organics Pt 314 x107° 397 x 1071 734 x 107 125%x 107 421 x 107 1.19 x 107"
ecosystem quality aquatic ecotoxicity Pt 129%x 107  —3.06%x 107 432x107% 513x107° 113 x 107" 2.79 x 10710
terrestrial ecotoxicity Pt 440 x 107  —6.06 x 107* 144 x 107 214 x107® 1.14 x 107° 3.16 X 107°
terrestrial acid/nutri Pt 544 x 1077 129 x 107° 8.85x 107 353 x 107’ 2.14 x 1074 2.95 x 1071
land occupation Pt  472x107° 3.09 x 1077 1.85 x 1077 121 x 107* 1.19 x 107" 6.13 x 107"
aquatic acidification Pt  0.00 0.00 0.00 0.00 0.00 0.00
aquatic eutrophication Pt 0.00 0.00 0.00 0.00 0.00 0.00
climate change global warming Pt 3.53%x107° 220X 107 211x 107 205 x 107 3.19 X 1070 9.41 x 107°
resources nonrenewable energy Pt 347 %x107° 381107 126x 107  237x 107  335x 107’ 1.07 x 107*
mineral extraction Pt 148 X 107° 201 X107 5.03 x 107° 126 X 107 562 %x 107" 8.97 x 107"
human health, noncarcinogens, indoor Pt 1.03 x 107 0.00 2.52 % 10716 0.00 0.00 624 x 1071
indoor respiratory organics, Pt 121 x 107" 0.00 642 x 107" 0.00 0.00 223 x 1078
indoor
respiratory inorganics, Pt 3.75 X 107" 753 x 1078 697 x 107 0.00 0.00 1.04 x 1078
indoor
carcinogens, indoor Pt 569 x 107° 105 X 107 1.85 x 107 0.00 0.00 1.35 x 10716
human health, noncarcinogens, local Pt 0.00 0.00 0.00 0.00 0.00 0.00
local carcinogens, local Pt 3.90 x 107 0.00 562 x 107 0.00 0.00 0.00
respiratory organics, Pt 0.00 0.00 0.00 0.00 0.00 0.00
local
respiratory inorganics, Pt  1.68 X 107* 0.00 242 x 1078 0.00 0.00 0.00
local
total Pt 146 x 107 853 x 1077 725X 1077 845X 1077 1.13 x 107® 1.45 x 1077

2,50E-04

2,00E-04

1,50E-04

Pt

1,00E-04

5,00E-05

0,00E+00

BSF prepupa

re

Grinded prepupac

¥ Human health
Climate change

® Human health, indoor

Extraction/Separation Extraction/S

of lipids fraction

H Ecosystem quality
Resources

B Human health, local

of proteins fraction

aration Extraction/Separation

of chitin fraction

Waste disposal

Figure 8. Single-score evaluation results for the analysis carried out for the isolation of 0.5 g of protein fraction (together with the corresponding
lipids as well as chitin co-products) by the solvent-based chemical method (the total damage of the process, obtained by summing the damages of
all of the contributing subprocesses indicated in the figure, is 3.65 X 107* Pt).

in Figure 8 (again in terms of damage categories) and more
accurately detailed in Table S11 in the Supporting Information
Section.

The total environmental impact, given by the sum of the
impacts of all of the contributing subprocesses reported in
Figure 8, is 3.65 X 10~* Pt. However, considering the way this
process was modeled in Simapro, i.e, following a multioutput
approach, the abovementioned environmental damage should

be allocated not entirely to the main product (i.e., the protein
fraction) but also to the two co-products obtainable by this
extraction/fractionation chemical method (i.e., the lipid
fraction and the chitin one). Particularly, a mass-based
allocation criterion was considered on the basis of the
extraction yields of the three different biomolecule pools. In
this way, the protein fraction must be considered to be
responsible for 40.03% of the total impact of the process (i.e.,
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Figure 9. Single-score evaluation results for the analysis carried out for the isolation of 0.5 g of protein fraction (together with the corresponding
lipid and chitin co-products) by the enzymatic-assisted method (the total damage of the process, obtained by summing the damages of all of the

contributing subprocesses indicated in the figure, is 4.82 X 107* Pt).

1.46 X 10~* Pt) while the lipids for 47.65% (i.e., 1.74 X 107*
Pt) and the chitin-rich fraction for 12.33% (i.e, 4.51 x 1075
Pt).

The modeled subprocess leading to the BSF prepupae
(comprising the nursery and the bioconversion phases, as
detailed in Figure 1) tremendously affects (for 60.46%, Figure
8) the whole extraction and fractionation protocol considered.
However, this contribution is independent of the following
steps performed on the BSF prepupae, thus by the selected
extraction fractionation protocol (the latter being instead the
main focus of this work). Therefore, the environmental impact
details of the subprocess leading to the BSF prepupae are
reported in the Supporting Information Section. Moreover,
since the amount of prepupae necessary for the obtainment of
the functional unit is strictly dependent upon the yields of the
subsequent extraction procedures, this latter calculation was
performed for a generic amount of prepupae equal to 1 g.

Particularly, Figure S1 depicts the contributions of the
different phases to the environmental load associated with the
obtainment of 1 g of BSF prepupae (quantitatively detailed in
Table S12).

Beyond the obtainment of the BSF prepupae, the second
significant contribution to the environmental load is
represented by all of the processes necessary to extract and
fractionate the lipid fraction (contributing 15.37%, Figure 8)
by the chemical method employed, followed by those needed
for chitin (contributing 14.11%, Figure 8), and finally by those
associated with the proteins (contributing 9.18%, Figure 8).
Particularly, the lipid fraction mainly affected (for 60.73%,
Figure 8 and Table S11) the human health damage category,
primarily as a consequence (for 79.20%) of hydrocarbons
released during petroleum ether production/usage/manipu-
lation/disposal.

In the case of chitin fraction, the most affected damage
category is resources (affected for 34.34%, Figure 8 and Table
S11). Its impact is due (for 27.41%) to depletion of natural gas
associated with the EID background processes considered for
the production of natural gas and polypropylene.

The operations related to the isolation of protein fraction,
mainly affected (for 33.11%, Figure 8 and Table S11) the
climate change damage category. Its environmental impact is
due (for 95.46%) to carbon dioxide principally released (for

19.51%) during the hazardous waste incineration treatment of
the spent solvent mixture.

Therefore, the possibility to investigate and environmentally
evaluate alternative protocols for the extraction and fractiona-
tion of biomolecules surely represents a research field that
needs to be urgently explored.

Environmental Impact Assessment of B. licheniformis
Protease-Assisted Extraction/Fractionation of Proteins,
Lipids, and Chitin from BSF Prepupae. According to the
procedure detailed in the Experimental Section and depicted in
Figure S, the enzymatic-assisted protocol allowed us to obtain
the three different biomolecule pools after a single hydrolysis
step performed in water directly on the ground prepupae.

The single-score evaluation results of the life cycle impact
assessment applied to the enzymatic-assisted extraction/
fractionation protocol are reported in Figure 9, referring to
the isolation of 0.5 g of proteins (together with the
corresponding lipids and chitin co-products). The contribu-
tions to each impact category considered are detailed in Table
S13 of the Supporting Information Section.

The enzymatic-assisted protocol considered here does not
use any organic solvent. Moreover, it significantly reduces the
amount of alkaline and acid solutions employed and simplifies
the workup procedures necessary for the isolation of lipid and
protein fractions. However, quite surprisingly, the total
environmental impact for the obtainment of 0.5 g of proteins
(concurrently with the lipid and chitin co-products) with this
enzymatic extraction, i.e. 4.82 X 107* Pt, is for the 31.87%
higher with respect to the chemical method one. By also
considering in this case the mass allocation criterion, the total
damage must be attributed to 75.79% to the protein fraction
(i.e, 3.65 X 107* Pt), for the 13.08% to the lipids (i.e, 6.31 X
107° Pt), and for the 11.13% to the chitin-rich fraction (i.e.,
5.37 X 107° Pt). This discrepancy in the distributions of the
environmental loads (with respect to the case of the chemical
method) is due to the different extraction yields of
biomolecules during the two protocols considered. The
moderately high extraction yield for proteins together with
the extremely low yield for lipids typical of the studied
enzymatic approach (see Table 1) are responsible for the
higher allocation factor attributed to the proteins.

Again, the obtainment of BSF prepupae is the most
impacting step of the whole process (Figure 9). The second
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Figure 10. Comparison of the single-score evaluation results for the two extraction protocols considered (accounting for the mass allocation

criterion and performed for 0.5 g of protein fraction).

main contribution is represented by the electric energy
employed during the subsequent processes starting from the
hydrolysis reaction in aqueous media (Figure 9). Particularly,
the main contribution to the damage category Resources,
excluding those related to BSF prepupae, is due to the
production of the electric energy necessary for the operation of
the magnetic stirrer/heater during the hydrolysis reaction
(experimentally performed for 14 h). Thus, to increase the
efficiency of the enzymatic hydrolysis, pretreatment of the BSF
prepupae could be considered, as already demonstrated for
other biomasses.”” Moreover, the use of different proteolytic
enzymes, requiring a reduced time duration of hydrolysis and
working at room temperature, could also be explored.

Therefore, the as-optimized™® enzymatic-assisted extraction
protocol cannot be considered a greener alternative for the
obtainment of the desired biomolecules with respect to the
more conventional chemical method.

By focusing on the obtainment of the sole protein fraction
by both extraction and fractionation protocols (since the
designed final application is the use of these biomolecules for
bioplastic production), the environmental impact comparison
should account for the mass allocation criterion, as reported in
Figure 10 (for 0.5 g of proteins).

The detailed single-score contributions of the two strategies
to each damage category are detailed in Table 3. For the
reason of completeness, the midpoint results as well as the end
point ones are reported in Tables SI4 and S15 in the
Supporting Information Section.

As clearly visible in Figure 10, in this case, the gap between
the two alternatives is even larger, further to the detriment of
the enzymatic approach. The reasons at the basis of this result
must not be mainly attributed to the lower extraction yield of
proteins (that is, only slightly lower with respect to that of the
chemical method) but rather to the extremely lower extraction
yields for lipids and chitin. In this way, the whole load of the
enzymatic protocol weighs almost completely on the protein
fraction. On the contrary, the chemical method allows
obtaining each of the three different fractions with an
extraction yield higher than 80%, thus leading to an almost
equal distribution of the environmental impacts.

Therefore, despite the desirable improvements discussed
above in terms of hydrolysis efficiency, future research efforts

Table 3. Single-Score Contributions of the Two Extraction
Procedures to the Different Damage Categories by
Considering the Mass Allocation Criterion (Both Calculated
for the Isolation of 0.5 g of Protein Fraction)

enzymatic-assisted

damage chemical extraction/ extraction/fractionation
category unit  fractionation protocol protocol
human health Pt 5.16 x 107° 111 x 107
ecosystem Pt 9.80 X 107¢ 2.67 X 1075
quality
climate Pt 3.53 x 107° 9.51 x 107°
change
resources Pt 495 x 107° 132 x 107*
human Pt 5.69 x 1078 9.03 x 1072
health,
indoor
human Pt 1.68 X 10712 5.37 x 1072
health, local
total Pt 146 x 107 3.65 x 107*

should also address the possibility to concurrently increase the
recovery of both lipids and chitin from the BSF prepupae by
the B. licheniformis protease-mediated method.

B CONCLUSIONS

In this work, the cradle-to-grave environmental impact
assessment for the preparation of bioplastic from proteins
extracted from BSF prepupae, opportunely fed on poultry
manure, was performed by applying the LCA methodology.
The study was modeled according to the experimental results
obtained and optimized by some of the present authors.

This work allowed us to obtain quantitative and trustworthy
data related to the environmental impacts associated with all of
the different stages of an innovative valorization approach for
organic waste residues.

The life cycle impact assessment related to the production of
the bioplastic, comprising the solvent-based chemical method
for isolation of the protein fraction, highlighted the
tremendous contribution of the BSF larvae rearing phase to
the total environmental damage of the process. The latter was
mainly due to the bioconversion step.

Besides this main contribution, the extraction and
fractionation of the three biomolecule pools (i.e., lipids,
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proteins, and chitin) play a significant role, thus highlighting
the importance of the study performed herein from an
environmental point of view. Indeed, two different extraction
and fractionation protocols were compared in detail. In this
way, it is possible to assign them environmental performance
indicators, in addition to more conventional ones, simply
referred to as yield, purity, and integrity of the extracted
biomolecules.

Quite surprisingly, the enzymatic-assisted procedure (ex-
ploiting B. licheniformis protease-mediated hydrolysis) resulted
for 31.87% more environmentally impacting with respect to
the chemical method, based on the use of petroleum ether (for
the separation of lipids) and significant amounts of inorganic
acid and base solutions (for the separation and purification of
the other two fractions, i.e., the proteins and the chitin).

The time necessary for the completion of the enzymatic
hydrolysis significantly contributed to the impact of this
extraction protocol. Therefore, further optimization, involving,
for example, biomass pretreatment procedures or the use of
proteolytic enzymes operating at lower temperatures and in
shorter times, could be in all likelihood proposed as a strategy
to be pursued. Moreover, it was demonstrated that, although
characterized by a lower protein-extraction yield (i.e., 67%),
with respect to that of the chemical method (ie., 87%), the
detrimental factors of the environmental performances of the
enzymatic extraction protocol are the significantly lower
extraction yields for lipids and chitin. Thus, in view of future
optimization of this protocol, particular attention should also
be given to these biomolecules.

In conclusion, the as-proposed enzymatic-assisted method
cannot be considered a reliable greener alternative to the
conventional method based on the use of organic solvents, at
least in the particular laboratory-scale scenario considered in
the present work. This finding highlights once more the
importance of accompanying green chemistry-related research
with quantitative and trustworthy environmental performance
data for the obtainment of which the LCA methodology
should represent the tool of choice.
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