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Abstract: The use of sisal decorticated waste (SDW) for various applications is limited due to its high
acidic content. This is the first study of its kind regarding the use of SDW as a substrate for the growth
of the black soldier fly (BSF). Pre-treatment was a necessary and challenging step performed on the
waste to meet the minimum requirements for the rearing of BSF. The SDW was sun dried, sieved,
and decomposited and neutralized to form the final products that were used for the rearing of BSF.
The resultant waste had fourteen (14) elements; the essential elemental form results were Ca, P, K,
Mn, Fe, Cu, and Zn at varying levels, which are all essential for animal growth. The SDW contained
10 ± 0.01 percent of crude protein, 11 ± 0.02 moisture and energy (1615 kcal/g of sisal decorticated
waste). The sun dried BSF larvae were reared on SDW that contained 53 ± 0.005 percent of crude
protein, 4 ± 0.01 percent of crude fat, a moisture content of (10 ± 0.1)%, carbohydrate percent of
(43 ± 0.01)%, and ash percent of (37 ± 0.08). When rearing was finished, 3000 g of dried pre-treated
waste yielded more wet BSF larvae, (336 ± 41.3) g, compared to 3000 g of fruit waste, which yielded
(244 ± 4.16) g of wet BSF larvae. Therefore, based on this study, SDW is a promising potential feed
for rearing BSF because it had a better reduction of the waste by 52%. Furthermore, the harvested
BSF larvae contained sufficient nutritional value to feed poultry and fish.

Keywords: black soldier fly; environmental management; industrial wastes; sisal decorticated waste;
waste treatment

1. Introduction

Managing sisal decorticated waste (SDW) as an industrial waste in most Tanzanian
sisal factories is still challenging [1–3]. Applying sisal decorticated waste in the rearing
of the black soldier fly (BSF) and obtaining the viable agricultural products (animal feed
and organic fertilizer) has not been performed so far. This is due to existing challenges,
including the presence of sisal fibers and low pH in the SDW, which affects the feeding rate
and growth of BSF [3]. Therefore, it needs to be pretreated for better results. This study
anticipated the use of SDW as a substrate for BSF growth, as it is easily available and bears
low cost.

The sisal fiber, which is produced during the decorticating process, accounts for only
3 to 6% of the total weight, with the remainder being waste [4,5]. This huge amount of
generated sisal waste (about 94 to 97%) should be effectively managed as resource recovery
in attempt to avoid the negative effects that it has on the environment, including soil and
underground water pollution [6,7]. Various studies show that sisal decorticated waste is
used in biogas production [8–10], mushroom cultivation [5,11] as animal feed [12,13], and
it goes further in the fattening of goats and sheep [14,15]. However, in all reported studies,
SDW needs to be pre-treated for better results [16,17].

BSF technology is a resource recovery that uses organic wastes as a substrate, and it
produces BSF larvae, which is used as alternative source of protein for livestock [18,19].
Various studies have been conducted on rearing BSF using different substrates, including
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vegetable waste, chicken feed, and biogas digestate. The essential amino acids found on
BSF larvae grown on chicken feed, vegetable waste, biogas digestate, and restaurant waste
differ from one another due to the nutrients that they have. For instance, lysine, valine, and
arginine levels constitute between 20 and 30 g kg−1 on the dry matter of BSF larvae, which
are grown in chicken feed, vegetable waste, biogas digestate, and restaurant waste [20].
For the case of protein content, previous studies showed that BSF larvae reared on organic
substrate ranged between 35% and 49% on dry matter [21]. Moreover, it is emphasized
that mixed diets work better and yield higher nutrients than individual diets when used to
rear BSF. BSF larvae raised in a diet containing a mixture of banana and spent grain in a 1:1
ratio had a protein content of 45.61%, and the protein content that was raised in banana
fruit was only 36.50% [22,23]. Therefore, the organic waste produces BSF larvae that have
potential nutrients for animal feed if pre-treated well [24–26]. This study used pre-treated
SDW for the growth of BSF larvae and the understanding of its nutritional contents that fit
the poultry and fish feeding industries.

2. Results and Discussion
2.1. Generated Waste

The SDW generated during sisal fiber production was analyzed in relation to the age
of the sisal plants inserted into the decorticator machine. The results were as follows.

As observed in Table 1, the weight of each bundle (W1) varied even though there was
an equal number of sisal leaves. This variation was caused by the age of the sisal plants.
The first harvest occurs when the sisal plants are aged three (3). The harvest is repeated
every six (6) months if the farm is effectively maintained and after nine (9) to twelve (12)
months if the farm is not well managed [27]. The weeds and other grasses along the rows
are removed as part of the management. The older sisal leaves weigh more than younger
ones. For the production of one (1) ton of sisal fiber, it generates 24 tons of SDW [10,28].
The use of the disposed SDW in various functions, including the rearing of BSF larvae, can
reduce methane emissions [29].

Table 1. Generated sisal decorticated waste.

S/N Plant Age
(Years)

Weight of
Bundle W1

(Kg)

Weight of
Wet Waste
W2 (Kg)

Weight of
Dry Waste
W3 (Kg)

%Weight
of Wet
Waste

Mean ± SD
(%/w) of Wet

%Weight
of Dry
Waste

Mean ± SD
(%/w) of Dry

Waste

1 3 46.6 33.8 8.7 72.53
68.78 ± 6.96

18.67
17.76 ± 0.812 93.2 68.1 16.31 73.07 17.5

3 47.9 29.7 8.2 60.75 17.12
4 6 104.3 45.1 17.3 43.37

36.32 ± 6.52
16.59

16.41 ± 1.715 137.6 42 20.1 30.52 14.61
6 143.7 50.4 25.9 35.07 18.02

According to the results obtained and presented in Table 1, the older sisal leaves
produce less amounts of waste than younger ones (first harvest) when decorticated. This is
evident when the weight of each bundle is compared to the weight of sisal waste generated
before decortication. The mean average (68.78 ± 6.96) of the wet SDW of 3 years showed
significant difference with the wet SDW (36.32 ± 6.52) of 6 years at (t < 0.05). Moreover, the
mean averages of dry SDW at 3 years and 6 years were (17.76 ± 0.81) and (16.41 ± 1.71),
respectively. Such averages also show a significant difference at (t < 0.05). The obtained data
correlated with the previous studies, implying that the amount of SDW being generated is
large [27,29] enough to fulfill the demand of the substrate needed for BSF rearing.

2.2. Physiochemical Parameters of Fresh Sisal Decorticated Waste

The obtained findings for sisal waste physiochemical parameters are presented
in Table 2.
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Table 2. Physiochemical parameters of fresh sisal decorticated waste.

Physiochemical Parameters Value (x ± SD)

pH 4.5 ± 0.06

Conductivity (µS/m) 1523 ± 0.03

The pH of the fresh sisal decorticated waste was 4.52 ± 0.06, which implies that SDW
is acidic. Previous studies reported that SDW has a pH 4 [30] and pH of 4.8 [31]. Therefore,
this justifies that fresh sisal waste is acidic in nature. Furthermore, the study found the
sisal waste had a conductivity of 1523 µS/m. This indicates that sisal waste has ions and
specifically cations [31]. Moreover, those cations are also essential elements for poultry and
fish feed.

2.3. Elemental Profile of Sisal Decorticated Waste

Table 3 shows the essential elements that are found in sisal decorticated waste.

Table 3. Elemental profile of sisal decorticated waste.

Elements in SDW Concentration (ppm) (x ± SD)

Magnesium 19,662 ± 0.52
Aluminum 1290 ± 0.9
Phosphorus 7065 ± 0.54
Potassium 15,685 ± 0.203
Calcium 100,294 ± 0.117
Titanium 258 ± 0.18

Vanadium 38 ± 0. 2
Manganese 85 ± 0.14

Iron 3354 ± 0.19
Nickel 5 ± 0.02
Copper 26 ± 0.21

Zinc 70 ± 0.01
Rubidium 9 ± 0.05

Barium 659 ± 0.62

A total of fourteen (14) elements were present in the sisal decorticated waste that was
analyzed. Calcium (Ca) was among the elements with a high value of 100,294 ± 0.117 ppm,
whereas nickel (Ni) had the least value of 5 ± 0.02 ppm. This elemental profile proves
that sisal waste has essential elements that can be fed by BSF larvae and later on produce
products required by poultry and fish. According to previous studies, the essential elements
that are required for feeding poultry and fish include calcium, iron, magnesium, potassium,
sodium, and zinc [32]. Therefore, sisal waste is effective in the rearing of BSF larvae as it
comprises essential elements that are required by poultry and fish [33].

2.4. Pre-Treatment of Sisal Decorticated Waste

The study findings show that the sundried, aerobic fermentation and addition of rice
husk in the sisal decorticated waste enabled the pH to rise from 4.52 ± 0.06, which was
measured in fresh sisal decorticated waste, to 7.57 ± 0.06 of the pre-treated sisal waste.
Other parameters are shown in Table 4.

Table 4 shows that the pH increased compared to that of fresh sisal decorticated waste.
This was due to the fact that it was mixed with rice husk, a fact that was consistently
reported to range between a pH of 7.5 and 8 in other studies [34]. The obtained pH also
suits the rearing of BSF, as it was reported to grow well at a pH between 6 and 10 [35–37].
Therefore, sisal decorticated waste should be sundried and mixed with water in order to
be decomposed. The rice husk should also be added in the sisal decorticated waste before
being used as a substrate for BSF larvae in order to yield significant product. This aspect
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has enabled the utilization of SDW in the rearing the BSF larva, thus enabling the once
thought unfit biomass to be used for the production of larvae with high yields.

Table 4. Parameters of the pretreated SDW.

Nutrients Measured Value

pH 7.5 ± 0.06
Moisture content (%) 11 ± 0.02
Organic matter (%) 71 ± 0.01

Protein (%) 10 ± 0.01
Energy (kcal) 1615 ± 0.58

2.5. BSF Larva Biomass Produces

The harvested BSF larvae obtained from FW and SDW are shown in Table 5.

Table 5. Weight of wet BSF larvae.

Samples Weight of Wet BSF Larvae (Mean ± SD)

FW 244 ± 4.16

SDW 336 ± 41.3
FW-Fruit waste, SDW-sisal decorticated waste.

The 3000 g of substrate that contained the pre-treated sisal decorticated waste yielded
fresh BSF larvae of about 336 g, which was more than the 3000 g of fruit waste that yielded
244 g, as shown in Table 5. Fruit waste (FW) was set as the control since it is organic
waste, which is mostly used to feed BSF larvae production [38,39]. This study proves
that pre-treated sisal decorticated waste can yield more BSF larvae compared to fruit
waste. The mean weight of FW (244 ± 4.16) showed no significant difference with SDW
(381 ± 41.33) at (t < 0.05). This implies that SDW can also be used as a substrate and
produce the required output even if the FW is commonly used as a substrate in the rearing
of BSF.

2.6. Reduced Waste

In all substrates (SDW and FW), BSF larvae managed to consume the waste and grow.
Having been harvested, BSF larvae left uneaten substrate which was used to determine the
reduced waste in comparison with SDW and FW trays treated the same, but BSF larvae
were not introduced to it. The waste reduced after BSF larvae consumed the pre-treated
sisal decorticated waste and fruit waste, as shown in Table 6.

Table 6. Percentage reduced waste.

Samples Initial Substrate
Weight (g) Mean ± SD %Waste Reduction

FW 3000 647 ± 0.26 78

SDW 3000 1434 ± 0.05 52

BSF larvae managed to reduce dried sisal decorticated waste by 52%, and dried fruit
waste as the control was reduced by 78%. The obtained results in Table 7 show a positive
correlation with previous studies, which indicates that waste reduction by BSF ranges
from 58 to 70% [40], 53 to 80% [41,42], between 50 and 75%depending on the nature of the
substrate [43]. Therefore, due to these findings, pre-treated sisal decorticated waste can
be effectively managed using BSF, since the percentage reductions fall within the range
being reported.
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Table 7. Nutritional value of BSF larvae.

Nutrients
Substrates

FW SDW

Crude protein (%) 16 ± 0.006 53 ± 0.005
Carbohydrate (%) 39 ± 0.005 43 ± 0.01

Fat content (%) 32 ± 0.01 4 ± 0.01
Moisture content (%) 7 ± 0.05 10 ± 0.1

Ash (%) 9 ± 0.12 37 ± 0.08

2.7. Nutrition Value of BSF Larvae Fed with Pre-Treated Sisal Decorticated Waste

Table 7 shows that the nutritional value of BSF larvae was raised in different substrates.
Among other nutrients, the analyzed percent of crude protein of BSF larva raised

in SDW (53 ± 0.005) showed a significant difference from the crude protein of BSF larva
raised in FW (16 ± 0.006) at (t < 0.05). Other studies conducted in the past three years
reported that the crude protein (CP) values obtained from BSF larvae reared on different
substrate are as follows; fruit waste 12.9% [20], chicken manure 42.2% [44], and brewery
waste 44.52% [45]. Among all the substrates that were reported to raise BSF larvae, the use
of SDW in this study showed a high percent of crude protein (53 ± 0.005). The difference
can be observed in Figure 1.

Figure 1. Nutritional value of BSF larvae raised in FW and SDW.

On a commercial scale, soybeans and fish meal are the main source of protein in animal
feeds. Crude protein reported in soybeans is comprised of 42.35% [46], 43.8% [47], and
41% [48]. This is less than that of BSF larvae, which is reared in sisal decorticated waste.
This implies that BSF larvae are significantly used as animal feed because they provide the
required nutrients for the growth of livestock and its bioconversion of waste in cleaning
the environment.

2.8. Mineral Elements of BSF Larvae Reared in Sisal Decorticated Waste

Mineral elements that are essential in chicken feeds include copper, iodine, iron, man-
ganese, selenium, and zinc [49]. Several studies have reported that zinc (Zn) is important in
broiler chicken nutrition due to its role in several enzymes and metabolic functions [50,51].
The BSF larvae reared on SDW showed a high amount of calcium, 130,800 ppm, compared
to BSF larvae reared on FW, which was 17,500 ppm. Calcium plays a great role in egg
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production, eggshell formation, and bone mineralization [52]. Table 8 shows that BSF
larvae raised in SDW contain essential elements that are required for the sufficient growth
of poultry and fish.

Table 8. Elemental composition of larvae fed with SDW and FW.

Elements Na Mg Al Si P S K

SDW (ppm) 2378 23,280 1537 5957 15,050 3052 23,283
FW (ppm) 1610 1800 264 915 5447 1801 1373
Elements Ca Mn Fe Ni Cu Zn Se

SDW (ppm) 130,800 120 2053 2.7 49 135 0.77
FW (ppm) 17,500 82 566 0.5 13 94 0.4

3. Materials and Methods
3.1. Description of the Study Area

SDW was obtained from the Mwelya sisal estate, which is located in the Korogwe
District in the Tanga Region at latitude 4◦91′0” S and longitude 38◦29′8” E, as Figure 2
clearly indicates. The selection of the study area was based on the availability of sisal
decorticated waste that was left untreated and disposed into the environment.

Figure 2. Preparation of sisal decorticated waste for BSF consumption.

3.2. Waste Generated

To quantify the generated sisal waste, the weight of each bundle comprising 30 sisal
leaves was measured using the measuring scale before being fed into the decorticator
machine. Having being measured, the fresh sisal leaves were harvested and tied in bundles,
whereby each bundle of sisal plant leaves was placed in a decorticator machine in order to
produce sisal fiber, while the waste was thrown to the damping place [53].

Wet sisal waste was collected, weighed, and sent to the drying yard. The dried sisal
waste was sieved to separate flume tow from sisal waste residue. The weight of flume tow
and other sisal plant residues that could be given to BSF was also measured and recorded.

3.3. Physiochemical Parameters of Fresh and Dried Sisal Decorticated Waste

The pH and conductivity of sisal waste were determined using the Hach 40HQD
Multiparameter meter. These physiochemical characteristics were measured on-site (in
an industrial area) immediately after the decortication procedure. Using a 250 mL beaker,
the wet solid sisal waste was squeezed in an attempt to extract sisal waste juice. The
multiparameter probe was placed into the beaker containing sisal waste juice in order
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to read the results. The same procedures were conducted after cleaning the probe and
analyzing the pH and conductivity.

Later on, 10 g of dried sisal waste was dissolved into 100 mL of distilled water, and the
process for measuring physiochemical parameters was repeated in the NM-AIST laboratory.
The aim of dissolving the dried sisal waste was to observe the changes obtained after the
sun drying of SDW.

3.4. Elemental Profile of Sisal Decorticated Waste

The sample of sisal decorticated waste was sun dried for five (5) days and ground to
coarse powder using mortar and pestle. About 5 g of the powdered sample was processed
to make the pellets using an automatic pelletizer. The pellets being made were analyzed
using X-ray fluorescence spectrometry [54,55].

3.5. Pre-Treatment of Sisal Decorticated Waste

The sample of the sisal waste was collected immediately after decortications, sun
dried, and sieved to produce the final product as indicated in Figure 3. The series of steps
involved includes the following.

Figure 3. Amount of SDW generated during sisal fiber production.

3.5.1. Sun Drying

The decorticated wet sisal waste was collected and recorded. Furthermore, the wet
sisal decorticated waste was sun dried for five (5) days until there was no change in weight.
This procedure was performed in order to determine the weight of the dried sisal waste,
which was further pre-treated in order to meet the required conditions for the rearing of
BSF. The decorticated sisal waste was acidic with a pH of 4 [30], in which oxalic acid was
reported to be the main acid [31] and succinic acid was reported as minor.

3.5.2. Sieving

The dried sisal waste was separated from flume tow as shown in Figure 2. The SDW
is on the lefthand side, while the flume tow is on the righthand side of Figure 2. The flume
tow constitutes the pieces of sisal fiber that are hard and cannot be consumed by BSF larvae.
Therefore, they need to be separated by hands and later on sieved by a sieve plate of 2 mm
diameter in order to obtain the fine sisal waste that can easily be consumed by BSF larvae.
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3.5.3. Decomposition and Neutralization

The sun dried and sieved sisal waste was mixed with water in a 1:2 ratio of respective
substrate–water (3 kg substrate for 6 L of water). This mixture of SDW and water was left
to stay in an open rectangular tray (10 cm height; 35 cm width; 187 cm length), and the
racking was performed three times a day in attempt to make a uniform mixture. The open
trays containing pretreated SDW were placed in the vertical rack designed as a vertical
farm for rearing BSF larvae for two weeks (14 days). Since the sisal waste had low pH [56]
that does not perform well in the rearing of BSF [35], about 100 g of burned rice husk
was added in the substrate–water mixture. The burned rice husk served a dual-purpose
as the neutralization agent to raise the pH [57] and as the bulking agent to control the
moisture content of sisal waste and the ensure growth of BSF [19]. After this process of
decomposition and the raising of pH, the black soldier fly larvae of five days old were
placed on the substrate, which was ready to consume.

3.6. BSF Larva Biomass

A total of 70 g of five-day-old larvae was introduced in the trays containing the sisal
decorticated waste (SDW) that was pre-treated, and fruit waste (FW) was used as a control
for the experiment. Both SDW and FW had three (3) replicates. The replicates of the sample
were conducted to ensure the variability of the method caused by errors in the sample
preparation processes. After sixteen (16) days, the black soldier fly larvae were harvested.
Sieving was performed to separate BSF larvae biomass from the frass (substrate residue).
The weight of wet and dried harvested BSF larvae was weighed and recorded.

3.7. Reduced Waste

After harvesting the BSF larvae from the substrates, the remaining weight of the frass
was also measured and compared with the initial substrate given to 5-day-old larvae [35].
Other trays containing FW and SDW were set as a control experiment, as five-day-old
larvae were not introduced in it. The obtained difference explained that the waste was
reduced by being consumed by BSF larvae. The following equation was used to calculate
the percentage of reduced waste (Wr):

%Wr = (Wsub − R)/Wsub) × 100

which is the ratio of consumed feed, which was calculated as the difference between dry
weight of original substrate given (Wsub) and dry weight of residue (R) [58,59].

3.8. Nutrition Value of BSF Larvae Fed with Sisal Waste

The BSF biomass harvested in two different substrates, SDW and FW, whereby FW is a
control experiment, was analyzed in an attempt to assess its nutritional values. The calorific
value of the sisal waste sample was determined using the Adiabatic Bomb Calorimeter. The
BSF biomass from each sample was dried, ground, and sieved in order to obtain the fine
sample. About 0.2 g of each sample was completely combusted under 3000 kPa pressure,
and calculations were performed to obtain the energy [60]. Moreover, the protein content
was analyzed using the FLASH 2000 Organic elemental analyzer, which analyzes carbon,
hydrogen, nitrogen sulfur, and oxygen (CHNS/O machine). About 1 g of BSF biomass
from each sample that was dried and ground was placed in a sample tray and inserted in
the analyzer machine. It was left for 12 min, and the value of nitrogen (N) was read [61,62].
Thereafter, the calculations were performed using the following formula:

Crude protein = Mass of N% × 6.25
Whereby, N = Percentage by mass of Nitrogen

6.25 = Protein factor

Fat was extracted from the samples and analyzed using the Soxhlet apparatus. About
5 g of a sample was put on a thimble and packed into a Soxhlet apparatus. The solvent
used was normal heptane. During extraction, the homogeneous mixture of sample and
normal heptane were exposed to heat at a temperature of 180 ◦C. Later, the fraction
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distillation was conducted, and calculations were made to obtain the amount of fat in the
measured samples.

Carbohydrates were analyzed using the phenol sulfuric acid method. About 6 g
of a sample was digested with phenol sulfuric acid and later analyzed using UV-Vis
spectroscopy to obtain the absorbance and concentration. This formula was used to obtain
the percent of carbohydrates in the analyzed samples.

%Carbohydrate = x
0.1 × 100%

Whereby, X = mass obtained in the concentration

About 5 g of a sample was passed through the oven at a temperature of 120 ◦C for
30 min. Later, it was burned in a muffle furnace at 520 ◦C for 2 h. After the experiment was
over, the following formula was used to determine the percentage of ash:

%Ash = Ash weight × 100%
Original weight of sample

3.9. Statistical Analysis

All data were statistically analyzed using student’s t-test (t < 0.05) in order to compare
the average of the parameters tested, which are sisal decorticated waste generated, BSF
larva biomass, amount of waste reduced, and nutritional value of BSF larvae.

4. Conclusions

The results of this study reveal that sisal decorticated waste bears characteristics that
can be used in the rearing of BSF. The analysis indicates that SDW has essential nutrients
such as crude protein, fats, energy, and microelements that are required in the substrate
that is used to feed BSF. The pre-treatment of sisal decorticated waste can be conducted to
improve the quality of the substrate. The use of sisal decorticated waste as BSF substrate
ensures waste reduction in sisal factories.

Author Contributions: Conceptualization, A.A.K., R.M., L.P. and A.M.; methodology, A.A.K. and
A.M.; validation, A.A.K., R.M. and A.M.; formal analysis, A.A.K., R.M., L.P. and A.M.; investigation,
A.A.K., R.M., L.P. and A.M.; resources, A.A.K., R.M. and A.M.; data curation, A.A.K., R.M., L.P. and
A.M.; writing—original draft preparation, A.A.K.; writing—review and editing, R.M., L.P. and A.M.;
visualization, A.A.K. and L.P.; supervision, R.M., L.P. and A.M.; project administration, R.M., L.P. and
A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Authors of this paper wish to acknowledge the authority of Mwelya factory
where this study was conducted and Chanzi animal protein for distributing BSF eggs to us.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Varela González, C. Techno-Economical Analysis of the Benefits of Anerobic Digestion at a Rural Sisal Processing Industry in

Tanzania. 2017. Available online: https://kth.diva-portal.org/smash/get/diva2:1158475/FULLTEXT01.pdf (accessed on 19
December 2022).

2. Kuuskvere, C. Opportunities and Challenges for Implementing Circularity in Textile Production. 2022. Available online:
https://cdr.lib.unc.edu (accessed on 19 December 2022).

3. Pang, W.; Hou, D.; Chen, J.; Nowar, E.E.; Li, Z.; Hu, R.; Tomberlin, J.K.; Yu, Z.; Li, Q.; Wang, S. Reducing greenhouse gas emissions
and enhancing carbon and nitrogen conversion in food wastes by the black soldier fly. J. Environ. Manag. 2020, 260, 110066.
[CrossRef] [PubMed]

4. Ribeiro, B.D.; Barreto, D.; Coelho, M. Use of micellar extraction and cloud point preconcentration for valorization of saponins
from sisal (Agave sisalana) waste. Food Bioprod. Process. 2015, 94, 601–609. [CrossRef]

https://kth.diva-portal.org/smash/get/diva2:1158475/FULLTEXT01.pdf
https://cdr.lib.unc.edu
http://doi.org/10.1016/j.jenvman.2020.110066
http://www.ncbi.nlm.nih.gov/pubmed/31941627
http://doi.org/10.1016/j.fbp.2014.07.004


Recycling 2023, 8, 1 10 of 12

5. do Carmo, C.O.; da Silva, R.M.; de Souza Rodrigues, M.; Soares, A.C.F. Bioconversion of sisal agro-industrial waste into high
protein oyster mushrooms. Bioresour. Technol. Rep. 2021, 14, 100657. [CrossRef]

6. dos Santos, G.Z.B.; Caldas, L.R.; de Almeida, M.F.J.; Monteiro, N.B.R.; Rafael, S.I.M.; da Silva, N.M. Circular alternatives in
the construction industry: An environmental performance assessment of sisal fiber-reinforced composites. J. Build. Eng. 2022,
54, 104603. [CrossRef]

7. Vijayakumar, P.; Ayyadurai, S.; Arunachalam, K.D.; Mishra, G.; Chen, W.-H.; Juan, J.C.; Naqvi, S.R. Current technologies of
biochemical conversion of food waste into biogas production: A review. Fuel 2022, 323, 124321. [CrossRef]

8. Kiarie, E. Biogas As A Potential Alternative Source Of Energy For Industrial Sector: Case Study Of Kilifi Sisal Plantation Biogas
Plant. Int. J. Adv. Res. Publ. 2019, 3, 30–38.

9. Kivaisi, A.; Mshandete, A. Exploring technological strategies for valorization of solid sisal waste: A research review. Tanzan. J. Sci.
2017, 43, 47–61.

10. Colley, T.A.; Valerian, J.; Hauschild, M.Z.; Olsen, S.I.; Birkved, M. Addressing nutrient depletion in Tanzanian sisal fiber
production using life cycle assessment and circular economy principles, with bioenergy co-production. Sustainability 2021,
13, 8881. [CrossRef]

11. Muthangya, M.; Amana, M.J.; Hashim, S.O.; Mshandete, A.M.; Kivais, A.K. Proximate nutrient composition and antioxidant
properties of Pleurotus sapidus 969 cultivated on Agave sisalana saline solid waste. J. Appl. Life Sci. Int. 2019, 1–13. [CrossRef]

12. Katoch, R.; Tripathi, A.; Sood, S. Possibilities of non-conventional feed resources in livestock feeding—A review. Forage Res. 2018,
44, 141–151.

13. Kavishe, I.B.; Chenyambuga, S.W.; Dierenfeld, E.S. Effects of replacing maize bran with sun dried sisal wastes in supplementary
diets on growth performance of growing beef cattle. Livest. Res. Rural. Dev. 2017, 29, 6.

14. Nayak, L.; Nag, D.; Das, S.; Ray, D.P.; Ammayappan, L. Utilisation of sisal fibre (Agave sisalana l.)—A review. Agric. Rev. 2011,
32, 150–152.

15. Cantalino, A.; Torres, E.A.; Silva, M.S. Sustainability of sisal cultivation in Brazil using co-products and wastes. J. Agric. Sci. 2015,
7, 64. [CrossRef]

16. Kaur, M. Effect of particle size on enhancement of biogas production from crop residue. Mater. Today Proc. 2022, 57, 1950–1954.
[CrossRef]

17. Jekayinfa, S.; Adebayo, A.; Oniya, O.; Olatunji, K. Comparative analysis of biogas and methane yields from different sizes of
groundnut shell in a batch reactor at mesophilic temperature. J. Energy Res. Rev. 2020, 5, 34–44. [CrossRef]

18. Salam, M.; Alam, F.; Dezhi, S.; Nabi, G.; Shahzadi, A.; Hassan, S.U.; Ali, M.; Saeed, M.A.; Hassan, J.; Ali, N. Exploring the role
of Black Soldier Fly Larva technology for sustainable management of municipal solid waste in developing countries. Environ.
Technol. Innov. 2021, 24, 101934. [CrossRef]

19. Beesigamukama, D.; Mochoge, B.; Korir, N.K.; Fiaboe, K.K.; Nakimbugwe, D.; Khamis, F.M.; Subramanian, S.; Wangu, M.M.;
Dubois, T.; Ekesi, S. Low-cost technology for recycling agro-industrial waste into nutrient-rich organic fertilizer using black
soldier fly. Waste Manag. 2021, 119, 183–194. [CrossRef]

20. Hopkins, I.; Newman, L.P.; Gill, H.; Danaher, J. The influence of food waste rearing substrates on black soldier fly larvae protein
composition: A systematic review. Insects 2021, 12, 608. [CrossRef]

21. Fuso, A.; Barbi, S.; Macavei, L.I.; Luparelli, A.V.; Maistrello, L.; Montorsi, M.; Sforza, S.; Caligiani, A. Effect of the Rearing
Substrate on Total Protein and Amino Acid Composition in Black Soldier Fly. Foods 2021, 10, 1773. [CrossRef]

22. Siddiqui, S.A.; Ristow, B.; Rahayu, T.; Putra, N.S.; Yuwono, N.W.; Nisa, K.; Mategeko, B.; Smetana, S.; Saki, M.; Nawaz, A.; et al.
Black soldier fly larvae (BSFL) and their affinity for organic waste processing. Waste Manag. 2022, 140, 1–13. [CrossRef]

23. Ganvir, K.P. Black soldier fly, Hermetia illucens L.: A nutritive insect and a solution to livestock feed. Adv. Anim. Sci. 2020, 10, 140.
24. Chia, S.Y.; Tanga, C.M.; Osuga, I.M.; Cheseto, X.; Ekesi, S.; Dicke, M.; van Loon, J.J. Nutritional composition of black soldier fly

larvae feeding on agro-industrial by-products. Entomol. Exp. Appl. 2020, 168, 472–481. [CrossRef]
25. Barragan-Fonseca, K.B.; Dicke, M.; van Loon, J.J. Nutritional value of the black soldier fly (Hermetia illucens L.) and its suitability

as animal feed—A review. J. Insects Food Feed 2017, 3, 105–120. [CrossRef]
26. Apri, A.D.; Komalasari, K. Feed and animal nutrition: Insect as animal feed. In IOP Conference Series: Earth and Environmental

Science; IOP Publishing: Bristol, UK, 2020.
27. Srinivasakumar, P.; Nandan, M.; Kiran, C.U.; Rao, K.P. Sisal and its potential for creating innovative employment opportunities

and economic prospects. IOSR J. Mech. Civ. Eng. 2013, 8, 1–8. [CrossRef]
28. Broeren, M.L.M.; Dellaert, S.N.C.; Cok, B.; Patel, M.K.; Worrell, E.; Shen, L. Life cycle assessment of sisal fibre—Exploring how

local practices can influence environmental performance. J. Clean. Prod. 2017, 149, 818–827. [CrossRef]
29. Terrapon-Pfaff, J.C.; Fischedick, M.; Monheim, H. Energy potentials and sustainability—The case of sisal residues in Tanzania.

Energy Sustain. Dev. 2012, 16, 312–319. [CrossRef]
30. Kategile, J.A. Feed value of Tanzanian sisal wastes: Chemical composition and digestibility in vitro. Anim. Feed. Sci. Technol. 1986,

14, 255–263. [CrossRef]
31. AC Peter, E.; Hudson, N.; Evans, C. Ameliorating Sisal Leaf Wastes in Purveying Plant Macronutrients. IJRAR-Int. J. Res. Anal.

Rev. 2019, 6, 87–93.
32. Saha, S.K.; Pathak, N.N. Mineral Nutrition, in Fundamentals of Animal Nutrition; Springer: Berlin/Heidelberg, Germany, 2021;

pp. 113–131.

http://doi.org/10.1016/j.biteb.2021.100657
http://doi.org/10.1016/j.jobe.2022.104603
http://doi.org/10.1016/j.fuel.2022.124321
http://doi.org/10.3390/su13168881
http://doi.org/10.9734/jalsi/2019/v20i230081
http://doi.org/10.5539/jas.v7n7p64
http://doi.org/10.1016/j.matpr.2022.03.292
http://doi.org/10.9734/jenrr/2020/v5i130140
http://doi.org/10.1016/j.eti.2021.101934
http://doi.org/10.1016/j.wasman.2020.09.043
http://doi.org/10.3390/insects12070608
http://doi.org/10.3390/foods10081773
http://doi.org/10.1016/j.wasman.2021.12.044
http://doi.org/10.1111/eea.12940
http://doi.org/10.3920/JIFF2016.0055
http://doi.org/10.9790/1684-0860108
http://doi.org/10.1016/j.jclepro.2017.02.073
http://doi.org/10.1016/j.esd.2012.06.001
http://doi.org/10.1016/0377-8401(86)90098-2


Recycling 2023, 8, 1 11 of 12

33. Pliantiangtam, N.; Chundang, P.; Kovitvadhi, A. Growth performance, waste reduction efficiency and nutritional composition
of black soldier fly (Hermetia illucens) larvae and prepupae reared on coconut endosperm and soybean curd residue with or
without supplementation. Insects 2021, 12, 682. [CrossRef]

34. Mn, L.; Venkatachalapathy, N.; Manickavasagan, A. Physicochemical Characteristics of Rice Bran. In Brown Rice; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 79–90.

35. Ma, J.; Lei, Y.; Rehman, K.u.; Yu, Z.; Zhang, J.; Li, W.; Li, Q.; Tomberlin, J.K.; Zheng, L. Dynamic Effects of Initial pH of Substrate
on Biological Growth and Metamorphosis of Black Soldier Fly (Diptera: Stratiomyidae). Environ. Entomol. 2018, 47, 159–165.
[CrossRef]

36. Amrul, N.F.; Ahmad, I.K.; Basri, N.E.A.; Suja, F.; Jalil, N.A.A.; Azman, N.A. A Review of Organic Waste Treatment Using Black
Soldier Fly (Hermetia illucens). Sustainability 2022, 14, 4565. [CrossRef]

37. Salam, M.; Shahzadi, A.; Zheng, H.; Alam, F.; Nabi, G.; Dezhi, S.; Ullah, W.; Ammara, S.; Ali, N.; Bilal, M. Effect of different envi-
ronmental conditions on the growth and development of Black Soldier Fly Larvae and its utilization in solid waste management
and pollution mitigation. Environ. Technol. Innov. 2022, 28, 102649. [CrossRef]

38. Fischer, H.; Romano, N. Fruit, vegetable, and starch mixtures on the nutritional quality of black soldier fly (Hermetia illucens)
larvae and resulting frass. J. Insects Food Feed 2021, 7, 319–327. [CrossRef]

39. Dzepe, D.; Nana, P.; Kuietche, H.M.; Kimpara, J.M.; Magatsing, O.; Tchuinkam, T.; Djouaka, R. Feeding strategies for small-scale
rearing black soldier fly larvae (Hermetia illucens) as organic waste recycler. SN Appl. Sci. 2021, 3, 1–9. [CrossRef]

40. Mallory, A.; Mdee, A.; Agol, D.; Hyde-Smith, L.; Kiogora, D.; Riungu, J.; Parker, A. The potential for scaling up container-based
sanitation in informal settlements in Kenya. J. Int. Dev. 2022, 34, 1347–1361. [CrossRef]

41. Nana, P.; Kimpara, J.M.; Tiambo, C.K.; Tiogue, C.T.; Youmbi, J.; Choundong, B.; Fonkou, T. Black soldier flies (Hermetia illucens
Linnaeus) as recyclers of organic waste and possible livestock feed. Int. J. Biol. Chem. Sci. 2018, 12, 2004–2015. [CrossRef]

42. Ferronato, N.; Torretta, V. Waste mismanagement in developing countries: A review of global issues. Int. J. Environ. Res. Public
Health 2019, 16, 1060. [CrossRef]

43. Isibika, A.; Vinnerås, B.; Kibazohi, O.; Zurbrügg, C.; Lalander, C. Co-composting of banana peel and orange peel waste with fish
waste to improve conversion by black soldier fly (Hermetia illucens (L.), Diptera: Stratiomyidae) larvae. J. Clean. Prod. 2021,
318, 128570. [CrossRef]

44. Gunawan, A.; Malik, A.; Rusmana, D.; Djaya, M.S.; Widaningsih, N. Fatty acid composition of black soldier fly maggot were
reared in the mixture of laying hen manure with lemuru fish oil. In IOP Conference Series: Earth and Environmental Science; IOP
Publishing: Bristol, UK, 2022.

45. Adebayo, H.A.; Kemabonta, K.A.; Ogbogu, S.S.; Elechi, M.C.; Obe, M.T. Comparative assessment of developmental parameters,
proximate analysis and mineral compositions of black soldier fly (Hermetia illucens) prepupae reared on organic waste substrates.
Int. J. Trop. Insect Sci. 2021, 41, 1953–1959. [CrossRef]

46. Messina, M. Perspective: Soybeans Can Help Address the Caloric and Protein Needs of a Growing Global Population. Front.
Nutr 2022, 9, 909464. [CrossRef]

47. Saito, Y.; Itakura, K.; Kuramoto, M.; Kaho, T.; Ohtake, N.; Hasegawa, H.; Suzuki, T.; Kondo, N. Prediction of protein and oil
contents in soybeans using fluorescence excitation emission matrix. Food Chem. 2021, 365, 130403. [CrossRef] [PubMed]

48. Zahir, M.; Fogliano, V.; Capuano, E. Food matrix and processing modulate in vitro protein digestibility in soybeans. Food Funct.
2018, 9, 6326–6336. [CrossRef] [PubMed]

49. Silva, C.S.; Moutinho, C.; da Vinha, A.F.; Matos, C. Trace minerals in human health: Iron, zinc, copper, manganese and fluorine.
Int. J. Sci. Res. Methodol. 2019, 13, 57–80.

50. Sahin, K.; Sahin, N.; Kucuk, O.; Hayirli, A.; Prasad, A. Role of dietary zinc in heat-stressed poultry: A review. Poult. Sci. 2009,
88, 2176–2183. [CrossRef] [PubMed]

51. Saleh, A.A.; Ragab, M.M.; Ahmed, E.A.; Abudabos, A.M.; Ebeid, T.A. Effect of dietary zinc-methionine supplementation on
growth performance, nutrient utilization, antioxidative properties and immune response in broiler chickens under high ambient
temperature. J. Appl. Anim. Res. 2018, 46, 820–827. [CrossRef]

52. Kausar, J.; Naureen, I. Benefit of Egg Shell as Calcium Source in Egg Production and Bone Development. Sch. Int. J. Anat. Physiol.
2021, 4, 196–200.

53. Surjit, R.; Kandhavadivu, P.; Ashwin, S. Evaluating the Potential of Pineapple Leaf Fibre Fabrics and Its Blends for Sustainable
Home Textile Applications. In Sustainable Approaches in Textiles and Fashion; Springer: Berlin/Heidelberg, Germany, 2022;
pp. 123–155.

54. Mudroch, A.; Mudroch, O. Analysis of plant material by X-ray fluorescence spectrometry. X-Ray Spectrom. 1977, 6, 215–217.
[CrossRef]

55. Odunlami, O.A.; Agboola, O.; Odiakaose, E.O.; Olabode, O.O.; Babalola, O.; Abatan, O.G.; Owoicho, I. Treatment of Contaminated
Water from Niger Delta Oil Fields with Carbonized Sisal Fibre Doped with Nanosilica from Ofada Rice Husk. J. Ecol. Eng. 2022,
23, 297–308. [CrossRef]

56. Otieno, L.H. Observations on the action of sisal waste on freshwater pulmonate snails. East Afr. Agric. For. J. 1966, 32, 68–71.
[CrossRef]

57. Liou, T.-H.; Liou, Y.H. Utilization of rice husk ash in the preparation of graphene-oxide-based mesoporous nanocomposites with
excellent adsorption performance. Materials 2021, 14, 1214. [CrossRef]

http://doi.org/10.3390/insects12080682
http://doi.org/10.1093/ee/nvx186
http://doi.org/10.3390/su14084565
http://doi.org/10.1016/j.eti.2022.102649
http://doi.org/10.3920/JIFF2020.0100
http://doi.org/10.1007/s42452-020-04039-5
http://doi.org/10.1002/jid.3639
http://doi.org/10.4314/ijbcs.v12i5.4
http://doi.org/10.3390/ijerph16061060
http://doi.org/10.1016/j.jclepro.2021.128570
http://doi.org/10.1007/s42690-020-00404-4
http://doi.org/10.3389/fnut.2022.909464
http://doi.org/10.1016/j.foodchem.2021.130403
http://www.ncbi.nlm.nih.gov/pubmed/34218102
http://doi.org/10.1039/C8FO01385C
http://www.ncbi.nlm.nih.gov/pubmed/30421778
http://doi.org/10.3382/ps.2008-00560
http://www.ncbi.nlm.nih.gov/pubmed/19762873
http://doi.org/10.1080/09712119.2017.1407768
http://doi.org/10.1002/xrs.1300060412
http://doi.org/10.12911/22998993/150836
http://doi.org/10.1080/00128325.1966.11662096
http://doi.org/10.3390/ma14051214


Recycling 2023, 8, 1 12 of 12

58. Mahmood, S.; Zurbrügg, C.; Tabinda, A.B.; Ali, A.; Ashraf, A. Sustainable Waste Management at Household Level with Black
Soldier Fly Larvae (Hermetia illucens). Sustainability 2021, 13, 9722. [CrossRef]

59. Diener, S.; Zurbrügg, C.; Tockner, K. Conversion of organic material by black soldier fly larvae: Establishing optimal feeding rates.
Waste Manag. Res. 2009, 27, 603–610. [CrossRef]

60. Musa, D.N.S.; Nuruddin, A.A. Calorific Value of Leaves of Selected Dipterocarp Trees Species in Piah Forest Reserve, Perak. J.
Trop. Resour. Sustain. Sci 2015, 3, 132–134. [CrossRef]

61. Khumalo, M.; Sithole, B.; Tesfaye, T.; Lekha, P. Valorization of Waste Chicken Feathers: Fabrication and Characterization of
Novel Keratin Nanofiber Conduits for Potential Application in Peripheral Nerve Regeneration. J. Nanomater. 2022, 2022, 7080278.
[CrossRef]

62. Fagbemi, O.D.; Sithole, B.; Tesfaye, T. Optimization of keratin protein extraction from waste chicken feathers using hybrid
pre-treatment techniques. Sustain. Chem. Pharm. 2020, 17, 100267. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/su13179722
http://doi.org/10.1177/0734242X09103838
http://doi.org/10.47253/jtrss.v3i1.544
http://doi.org/10.1155/2022/7080278
http://doi.org/10.1016/j.scp.2020.100267

	Introduction 
	Results and Discussion 
	Generated Waste 
	Physiochemical Parameters of Fresh Sisal Decorticated Waste 
	Elemental Profile of Sisal Decorticated Waste 
	Pre-Treatment of Sisal Decorticated Waste 
	BSF Larva Biomass Produces 
	Reduced Waste 
	Nutrition Value of BSF Larvae Fed with Pre-Treated Sisal Decorticated Waste 
	Mineral Elements of BSF Larvae Reared in Sisal Decorticated Waste 

	Materials and Methods 
	Description of the Study Area 
	Waste Generated 
	Physiochemical Parameters of Fresh and Dried Sisal Decorticated Waste 
	Elemental Profile of Sisal Decorticated Waste 
	Pre-Treatment of Sisal Decorticated Waste 
	Sun Drying 
	Sieving 
	Decomposition and Neutralization 

	BSF Larva Biomass 
	Reduced Waste 
	Nutrition Value of BSF Larvae Fed with Sisal Waste 
	Statistical Analysis 

	Conclusions 
	References

