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Abstract: The increasing demand for avocado consumption has led to a vast generation of waste
products. Despite the high nutritional value of avocados, the waste generated from their processing
poses a significant environmental challenge. Therefore, the development of a sustainable approach to
avocado waste management is a major concern. Biorefinery presents a promising approach to the
valorization of avocado waste components, including the seed, peel, and pulp residues. This paper
explores the potential of avocado waste biorefinery as a sustainable solution to produce bio-based
products. Several approaches, including extraction, hydrolysis, fermentation, and biodegradation, to
obtain valuable products such as starch, oil, fiber, and bioactive compounds for food or feed goods
have been proposed. The review also highlights the approaches towards addressing challenges of
energy security and climate change by utilizing avocado waste as a source to produce biofuels such
as biogas, biodiesel, and bioethanol. In conclusion, the development of avocado waste biorefinery
presents a promising avenue for sustainable development. This process can efficiently convert the
avocado waste components into valuable bio-based products and clean energy sources, contributing
to the attainment of a circular economy and a more sustainable future.

Keywords: sustainable development; bioenergy; bioactive compounds; functional foods; bioplastics;
biofuels; biofertilizers

1. Introduction

The avocado (Persea americana Mill.) is a member of the Lauraceae family, and due to
its high nutritional value, it has become a very desirable fruit in the market [1,2]. Mexico
is a world leader in the cultivation and exportation of avocados, with a total production
of 2.4 million tons in 2022 [3]. The size and shape of an avocado vary according to the
variety; it is generally green in the immaturity stages, becoming brownish when ripe [4].
Avocado is composed of three main parts: the pulp, which constitutes the largest portion
with 65-73% of the fruit; a large and rounded seed that represents around 16-20%; and
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finally, the peel with 11-15% (w/w) [5,6]. Avocado is consumed primarily as a fresh prod-
uct; nevertheless, currently, there is an increasing global demand for the production and
processing of this fruit, which promotes the increment of avocado waste generation. The
by-products generated during its processing, such as peel, seeds, and pulp, are discarded
Attribution (CC BY) license (https://  iNto the environment, causing ecological problems including greenhouse gas emissions,
creativecommons.org/ licenses /by / soil and water pollution, and attracting pests and rodents [5,7]. Avocado waste represents
40/). environmental challenges that require urgent attention.
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Avocado waste generation is directly related to the harvested amounts and, hence,
can be substantial in countries such as Mexico. The global avocado wastage is estimated
at 40% of its total production, attributable to fruit discarded or wasted as by-products [8].
It is important to consider that inappropriate storage conditions can lead to losses of 80%
of the total production, which is linked to microbiological and mechanical damage in
middle-income countries [9]. In addition to this, the percentage of avocado waste depends
on several factors, including the size of the avocado industry, the extent of processing,
disposal practices, and the variety of the fruit. For example, the percentage of avocado
by-products (peel and seeds) was higher in the ‘Fuerte’ than in the ‘Hass’ variety (31 and
24%, respectively) [10]. However, there are also differences between the data reported
in the same cultivar, for example, 24 and 27% were reported for the Hass cultivar [6,10].
Otherwise, depending on the final product, the amount of waste can also vary. For example,
during the production of cold-pressed avocado oil from seeds, a large amount of waste
is generated, since for every 1000 kg of avocado processed, approximately 80 kg of the
final product are obtained [11]. Whereas, in the case of the oil production from the pulp
and guacamole, the amount of waste represents between 21 and 76% (w/w) of the whole
fruit [12].

Avocado waste contains valuable nutrients and compounds, such as oil, carbohy-
drates, acetogenins, and dietary fiber (Figure 1), that can be recovered and used in the food,
cosmetic, or pharmaceutical industries [4]. The green valorization of avocado waste is an
essential aspect of sustainable development in the face of increasing environmental chal-
lenges, providing an opportunity to convert waste into valuable products while reducing
environmental impacts [7,13]. This approach contributes to sustainable development, as it
incorporates the principles of circular economy, promoting the efficient use of resources and
reducing waste. The green valorization of avocado waste involves a process of extracting
valuable compounds and materials from the avocado waste, promoting its reuse, and
reintegration the avocado waste into the value [7,14-16]. This approach helps mitigate
the negative environmental impact associated with the disposal of avocado waste while
creating economic opportunities by providing alternative sources of raw materials for
value-added products. Some sustainable solutions for avocado waste management include
composting, anaerobic digestion, and the production of value-added products [7,14,16,17].

PULP:
e Carbohydrates
e Fats (Oleic acid)
e Fiber
e Protein
e Vitamins K, E, C, B, and A
PEEL: ¢ Phenolic compounds (p.e. lutein and
Fiber zeaxanthin)
Protein Minerals (K, Mg, P, Ca, Fe, and Zn)
Fats
Vitamins C and E
Phenolic compounds
Carotenoids
Chlorophyll SEED:
Minerals (K, Mg, and Ca) e Carbohydrates (starch)
e Fiber
e Protein

Fats (Oleic and linoleic acids)
Minerals (K, Mg, Ca, P, and
Fe)

Vitamins

¢ Phenolic compounds (Tanins)

Figure 1. General composition of peel, pulp, and seed of avocado fruit.

The sustainable valorization of avocado waste represents an opportunity for devel-
oped countries to increase their agricultural productivity and improve the livelihoods
of farmers by creating additional income streams. Furthermore, this approach supports
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the sustainable development goals (SDGs), including reducing waste generation and pro-
moting the efficient use of resources [14]. The health and environmental benefits of the
green valorization of avocado waste can contribute to building resilient and sustainable
agroecosystems, particularly in developing countries. This review aims to investigate the
potential of converting avocado by-products, such as peels, seeds, and pulp, into valuable
products through biotechnological and environmentally friendly processes, in line with
the SDGs. Opportunities in the global market, trends, and challenges in the implementa-
tion of biorefinery for avocado waste are explored to contribute to the development of a
circular economy model. This final section seeks to promote the concept of avocado waste
biorefinery as a viable and environmentally friendly solution for dealing with avocado pro-
cessing byproducts and to support sustainable practices and resource optimization in the
avocado industry.

2. Composition and Properties of Avocado Residues
Avocado waste, particularly the seeds, has been the subject of various studies regarding
its chemical composition and potential health benefits. The composition of avocado waste
varies depending on the part of the fruit (Figure 1), as well as the processing methods
used and fruit variety. Moreover, researchers around the world have determined that the
physicochemical composition of the waste is affected by factors such as climate, geographic
region, rainfall pattern, genetics, and level of maturity [18,19]. Carbohydrates are the
main compounds in avocado seeds followed by fiber, protein, and fats. Whereas, the peel
is mainly composed of fiber, protein, and fats, and the pulp is mainly composed of fats
(Table 1). Avocado waste may have potential applications in various industries such as food,
pharmaceuticals, cosmetics, and agriculture due to its bioactive properties and nutritional
composition [5,20].
Table 1. The chemical composition of the avocado seed, peel, and pulp is based on the variety.
Component (%, w/w)
Cultivar Source
Moisture Protein Fat Ash Carbohydrates Fiber Reference
Fuerte Seed 56.04 + 2.58 1.95+0.16 1.87 £ 031 1.87 +0.24 3317 +£2.73 510+ 1.11 [21]
Seed 9.92 + 0.01 17.94 +1.40 1654 +2.10 240 +0.19 48.11 +4.13 310 +0.18 2]
Pulp 8.12£0.12 1.60 = 0.09 2994 +124 454 £1.28 53.74 % 3.41 2.06 £ 0.33
Seed 5445 +2.33 219 £0.16 47 £0.32 1.29 0.0 - -
Peel 69.13 £ 2.58 1.91 + 0.08 2.20 £1.65 1,50 % 0.08 - - [23]
Pulp 70.83 = 3.53 1.82 £ 0.07 435+ 462 177 £0.16 - -
Seed 672+ 06 9.6+ 16 39403 23404 - 107 +2.8
Peel 65.7+ 3.1 63+ 11 3507 15403 - 469 £2.7 [24]
Pulp 86.7 £ 0.7 125+5.1 28678 2106 411£28
Seed 52.68 % 1.00 251+ 00 111+ 0.06 115+ 0.0 - - 03]
Hass Peel 72.15 + 0.41 2.58 +0.05 2.89 % 0.02 1.62 £ 0.01 - - ?
Seed 15.10 £ 0.14 15.55 + 0.36 17.90 £ 0.4 226 +£0.23 49.03 +0.02 - [26]
Peel ** 37.79 % 045 0.25 £ 0.01 35.22 % 0.58 2.94 £ 0.05 7.98 £ 0.66 53.14 017 [13]
Seed 5445 £2.33 219 £0.16 47 +032 1.29 =+ 0.03 - -
Peel 69.13 £ 2.58 191400 2.20 £ 1.6 1.50 + 0.08 - - [27]
Pulp 70.83 + 3.53 1.82 + 0.07 435+ 462 177 +0.16 - -
Seed * - 3.4+0.01 320,01 1.6 £ 0.01 67.5 £ 0.01 216 £ 0.01 [28]
Peel 6538 = 037 271£015 5.67 £ 0.29 0.87 £ 0.03 - -
Seed 49.81 £0.17 248 +0.24 2.26 %+ 0.07 0.89 = 0.04 - -
Pulp 68.16 = 0.68 2.08 £ 0.41 1412+ 0.06 1.69 + 0.22 - i
Peel 62.53 +0.23 3.67 £ 0.44 3.30 £ 0.20 0.91 + 0.03 - -
Quintal Seed 68.24 022 2.84 £ 0.27 5.33 £ 0.37 0.82 £ 0.08 - - [29]
Pulp 72.98 031 1.55 £ 0.20 1326 £ 0.17 0.51 £ 0.11 - -
Peel 64.86 £ 0.27 2.36 +0.20 5.39 £ 0.20 0.35 £ 0.05 - -
Fortuna Seed 62.60 £ 0.27 2724029 3.67 % 0.08- 0.41 £0.01 - -
Pulp 7537 + 038 1.51+0.12 1326 +0.17 0.66 + 0.03 - -
Peel 69.06 = 091 213 £0.26 8.55 £ 0.17 0.65 £ 0.07 - -
Margarida Seed 5435 %+ 0.15 4.01 =049 1.19 £ 0.10 0.68 = 0.02 - -
Pulp 79.23 + 0.61 1.55 £ 0.20 1359 + 027 0.76 £ 0.05 0.76 + 0.0 -

* Freeze-dried sample; ** Oven-dried sample.
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The by-products of avocado fruit have received increasing attention in recent years
because, in addition to the above-mentioned compounds, they are a potential source of
bioactive compounds, including phenolic compounds, carotenoids, and sterols (Table 2).
For example, the pulp and peel of the fruit also contain high levels of vitamins, partic-
ularly vitamin E, while the seeds contain higher levels of minerals and phenolic com-
pounds [29,30]. Bioactive compounds have been shown to possess a wide range of health
benefits, including antioxidant and anti-inflammatory properties, making them valuable in-
gredients in functional and nutraceutical foods. Carotenoids and phenolic compounds have
been widely studied for their ability to promote health and prevent chronic diseases [31].
Overall, the exploration of the composition and properties of avocado waste is an area
of active research with promising implications for sustainable waste management and
potential value creation.

Table 2. Bioactive compounds in avocado peel and seed extracts.

Compound Source References
Catechins Peel and seed [31-36]
Epicatechin Peel and seed [37,38]
Procyanidins Peel and seed [10,33,34]
Flavonols Peel and seed [31]
Hydroxycinnamic acids Peel and seed [31,37]
Hydroxybenzoic acids Peel and seed [31,37]
Chlorogenic acid Peel and seed [20,35,39,40]
Procyanidins Peel and seed [34-36,41]
Kaempferol Peel and seed [37]
Perseitol Peel and seed [32-38]
Caffeoylquinic acid Peel and seed [32,33,36,38,40]
Rutin Peel and seed [40,42,43]
Penstemide Peel and seed [40,42]
Caffeoylquinic acids Peel and seed [40,42]
Tyrosol glucoside Peel and seed [38,40,42]
Quercetin Peel and seed [20,28,34,42,44]
Naringenin Peel and seed [38,44,45]
Ferulic Acid Peel and seed [25,38,45]
Fatty acids Peel and seed [30,44]
Tocols Seed [46]
Chlorophyll Peel and seed [47]
Carotenoids Peel and seed [28,30,46,47]

3. Alternatives for Avocado Waste Valorization

Several techniques for avocado waste valorization have been developed in recent
years. One approach involves the extraction of antioxidants and bioactive compounds such
as polyphenols, flavonoids, and carotenoids from the waste material using techniques such
as microwave-assisted extraction and supercritical fluid extraction. These compounds have
potential applications in the food and cosmetics industries due to their antioxidant and
anti-inflammatory properties. Another way is the production of animal feed for poultry,
pigs, and ruminants using avocado waste owing to its high protein and fiber content.
Furthermore, bioplastics and biofuels are also alternatives for avocado waste valorization.
All these techniques offer various opportunities for the valorization of avocado waste and
contribute to sustainable waste management practices.

3.1. Production of Biofuels
3.1.1. Biodiesel

Biodiesel is a substitute for “diesel” obtained from petroleum. It is produced from
vegetable oils such as soybean, canola, rapeseed, cottonseed, and maize, among others,
and can also be obtained from animal fats or algae [12,48]. Biodiesel is a carbon-neutral
fuel; this means that the amount of carbon produced by the combustion of biodiesel in
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engines is the same amount of carbon fixed by the plant during its growth [49]. The most
common method for biodiesel production is the transesterification of triacylglycerides
with alcohol [49,50]. Despite the many advantages of biodiesel production from vegetable
oils, this process has the disadvantage of using food as a feedstock source; therefore,
the use of vegetable oil from non-food sources is preferable. Some studies have been
carried out to characterize the composition of the extractable oil from avocado seeds and
evaluate its potential for biodiesel production, as well as to revalue the agro-industrial
waste from avocado processing, in addition to facing the challenge of biofuel production
(Table 3). Sutrisno et al. [51] described the transesterification of oil obtained from avocado
seeds via the Soxhlet method, employing n-hexane. Biodiesel was obtained by a reaction
with MeOH (20% of the weight of the oil), catalyzed with NaOH (1% of the weight of
the oil), and allowed to settle for two days. Mixtures of 10 or 20% (v/v) avocado seed
biodiesel and petroleum-derived diesel (called B10 and B20, respectively) were prepared.
The performance of the B10 and B20 biodiesel blends was compared with the performance
of palm oil biodiesel and pure petroleum-derived diesel, but with a lower sulfur content
in comparison to the last one [51]. Otherwise, the biodiesel production using avocado
seed oil by transesterification reaction, using 20% (v/v) methanol (MeOH) and 0.85% (w/v)
catalyst (potassium hydroxide, KOH), with heating, produced a yield of 78% (v/w) [52].
Transesterification can also be carried out in situ, avoiding the extraction stage. The use
of this technique allowed a yield of 94.4% (v/w) to be reached using avocado seeds (10 g)
at the established optimal conditions (0.05% KOH, w/w, and 1.5 g of MeOH at 65 °C,
50 min of reaction with 600 rpm agitation, and tetrahydrofuran as extraction and reaction
solvent) [53]. Therefore, the transesterification of avocado oil for biodiesel production is
a sustainable and environmentally friendly process that provides a high yield, holding
promise for both the renewable energy sector and waste reduction efforts. Moreover, the
validation of biodiesel production by avoiding the oil extraction process with a high yield
is an Important step to achieving the use of this waste for the obtention of added-value
products. The optimization of a process that reduces unit operations enables the obtention
of environmentally friendly products that are competitive with conventional products
owing to the reduction in the cost of production that these actions could have.

Otherwise, heterogeneous catalysis transesterification reactions for obtaining avocado
seed biodiesel have also gained attention [54]. In line with this, eggshell, a source of cal-
cium oxide, has been used as a catalyst for transesterification reactions in the conversion of
avocado oil to biodiesel. Under optimal conditions, the process allowed a yield of 75% to
be reached (v/w, Table 3) [54]. In the search for an integrative approach to avocado waste
valorization, the production of biodiesel from oil avocado seeds and peel was obtained
using the Soxhlet method using n-hexane, producing a yield of 90% (Table 3) [55]. In these
studies, performance parameters such as cetane number, free fatty acid content, and saponi-
fication value, among others, were similar to those of petroleum diesel, so it is important to
scale up production and analyze its economic viability. Hence, biodiesel production from
avocado waste presents a promising avenue for sustainable energy generation. By utilizing
this waste product, not only can we reduce waste and environmental pollution, but we can
also have a renewable source of energy that has the potential to replace conventional fossil
fuels. To scale up biodiesel production based on avocado waste, further research is needed
to optimize the production methods and ensure the economic viability of avocado-based
biodiesel. This should be carried out considering the required amount of avocado oil, the
yield, and the possible use of this oil in markets with a higher economic value.

3.1.2. Bioethanol

Along the same line of agro-industrial waste utilization, attention has been focused
on the conversion of biowaste to bioethanol. In this regard, agro-industrial lignocellulosic
wastes, such as cocoa pods, peanut shells, bagasse, and avocado seeds (P. americana),
are common feedstocks for bioethanol production [56,57]. This process implies several
physical, chemical, or biological pre-treatments, which are applied to be able to break down
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the lignocellulosic polymers into simpler components, i.e., polymeric compounds and
fermentable sugars can be transformed into ethanol [12,52]. The pretreatment consisted
of mechanical (particle size reduction by milling), chemical (heat treatment in alkaline
solution), or microwave (alkaline solution with microwave heating) processes. Milled
avocado waste provided a higher yield (178 mL/kg) in comparison to that obtained by
using cocoa pods and peanut shells (43 to 61 mL/kg), which could be attributable to the
high sugar content in avocados (336.4 mg/g) in comparison to cocoa pods (111.4 mg/g) and
peanuts (82.3 mg/g) [16]. Another key point in bioethanol production is the optimization
of the fermentation process; the optimal conditions to produce ethanol from a hydrolysate
obtained from avocado seeds were settled at 3 days of fermentation, pH 5.5, and 30 °C,
leading to a yield of 6.365% [56]. Although information about bioethanol production from
avocado wastes is limited, there are already proposals for the integral use of avocados
in biorefineries, where different types of products such as oil, xylitol, and ethanol could
be obtained [51]. Harnessing avocado wastes for bioethanol production is a valuable
alternative for bioenergy production in avocado-producer countries such as Mexico, where
each 1 kg of ethanol generates 8.25 kWh [16].

Table 3. Processing conditions applied for avocado waste valorization.
Avocado Obtained Pre-Treatment Processing Technology Treatment Conditions Yield Reference
Source Product
Transesterification of oil Transesterification: 20% methanol;
Seed Biodiesel Sun-drying and milling. obtained by Soxhlet 1% NaOH as catalyst; 2 days 20% (v/w) [51]
extraction reaction time.
Transesterification of oil Transesterification: 20% methanol;
Seed Biodiesel Sun-drying and milling. obtained by Soxhlet 0.85% KOH as catalyst; 8-10 min 78% (v/w) [52]
extraction reaction time
In situ transesterification: THF as
Seed Biodiesel Sun-dryl;;g\,/;;l?mg, and  p situ transesterification eXt;?ggg:éﬁ?;::}Sg)%}ylevr;et'cg)ﬁo; 5% 94.4% (v/w) [53]
65 °C; 50 min reaction time.
. . . Extraction: 65 °C during 4 h.
11s A Qil extraction with PR .
Lo Milling and drying in Transesterification: 6:1 ratio of o y
Seed Biodiesel oven. n—hexan'e' anc} MeOH:avocado oil; 5% CaO as 75% (v/w) [54]
transesterification . S
catalyst; 60 min reaction time
Solndpel S ot I s
Seed and peel Biodiesel . X & pre-treated oil obtained o P " 90% (v/w) [55]
oil: acid pre-treatment b . 0.7% NaOH as catalyst; 60 min
. y Soxhlet extraction A
with H,SOy. reaction time.
Thermal pre-treatment:
suspension of milled seeds in an
alkaline solution (1% NaOH)
Seed: washing, drying, placed for 10 min in a 1(2121 TnI;/lL
and milling. 13 L autoclave. erma
. . pre-treatment)
. Thermal pre-treatment. . Microwave pre-treatment:
Seed Bioethanol Mi Sugar fermentation . . . [16]
icrowave suspension of milled seeds in an 154 mL/L
pre-treatment. alkaline solution (1% NaOH) (Microwave
Enzymatic hydrolysis. placed in a microwave oven at re-treatment)
300 W for 25 min. pre-treatme
Enzymatic hydrolysis: pH 5;
50°C;48h
Seed Bioethanol - Sugar fermentation pH 5.5;30 °C; 3 days. 6.36% (v/w) [56]
Thermal pre-treatment:
suspension of milled seeds in an
Seed: washing, drvin alkaline solution (1% NaOH)
"and milfgih yme placed for 10 min in a
Seed Biogas & Biomass digestion 13 L autoclave. 2142 NmL/g [16]
Thermal pre-treatment. E ic hvdrolvsis: pH 5:
Enzymatic hydrolysis. nzymatic hydrolysis: pH 5
50°C;48h
Biomass digestion: anaerobic
process; 37 °C.
Co-digestion: 50% avocado peel
Peel Biogas Sun-drying and milling. Biomass co-digestion and 50% poultry manure; 25 °C; - [58]
pH7; 4 days.
Pulp Biogas - Biomass co-digestion Co-digestion: avocado pulp with - [59]

cow manure, 1:1 ratio; 30 days




Recycling 2023, 8, 81

7 of 23

Table 3. Cont.

Avocado
Source

Obtained
Product

Pre-Treatment

Processing Technology

Treatment Conditions

Yield

Reference

Seed

Bioplastic

Starch extraction.

Manufacturing of
bioplastic by casting
method

Heating a solution of starch and
chitosan in a 7:3 ratio. Addition of
ethylene glycol (5, 10, 15, 20, and
25%),70-90 °C.

[60]

Peel and Seed

Bioplastic
(Biofilm)

Starch extraction.

Biofilm by the casting
method

Biofilm with plasticizer: heating a
solution of 2 g of starch and 0.5 g
of glycerol in 70 mL of water.
Thirty min with agitation. Drying
over plates for 72 h at 30° C.
Biofilm without plasticizer:
Heating a solution of 2 g of starch
in 70 mL of water. Thirty min
with agitation. Drying over plates
for 72 hat 30 °C.

11.38% (starch
yield
extraction,
w/w)

[61]

Seed

Bioplastic

Starch extraction.
Extraction of cellulose
from sugar palm fibers.

Manufactured bioplastic

A 7:3 ratio of starch to
microcrystalline cellulose, using
Schweizer’s reagent as solvent.
Glycerol as a plasticizer. Stirring
at 85 °C.

16% (starch
yield
extraction,
w/w)

[62]

Seed

Polylactic acid
(PLA)

Seed hydrolysate.

Fermentation of avocado
seed hydrolysates

Performed in 1 L fermenters;
37 °C; pH 7; 400 rpm; aeration
rates (0.0-0.5 vvm); 0.037 ggcw /L
as initial inoculum.

[63]

Commercial
avocado oil

Polyhydroxyalkanoate

(PHA)

Fermentation with
avocado oil

Batch cultivation with C/N
ratio of 14; avocado
oil was added in different
concentrations: 5, 10, 15, 20, and
25% (v/v).

70.83% (v/v)

[64]

Seed

Snack

Freeze-drying.
Oven-drying.

Extruding

Extrusion of brown rice, barley,
and freeze-dried and oven-dried
avocado seed through a 5 mm die
opening at 130 °C (generated by
friction).

[11]

Seed

Snack

Freeze-drying.

Formulation of a snack with
different proportions of avocado
seed powder (6, 12, and 18%).

[28]

Seed

Snack

Slicing, blanching,
drying, and milling.

Extruding by hot air
puffing

Extrusion at 110-115 °C of maize
and avocado seed flour in several
proportions (90:10, 80:20, 70:30,
0:100, and 100:0); screw speed of
100 rpm.

Hot air puffing: 70 °C; 4 h.

[65]

Seed

Avocado Seed
Power

Slicing and milling.
Homogenized seeds
were mixed with water
and sonicated then
vacuum filtered.

Spray drying

Spray-drying in different
conditions of feed flow rate
(2025 mL/min) and inlet
temperature (160-208 °C).

24.46-35.47%

[66]

Seed

Extract

Milling, freeze-drying.

Extraction

Extraction: ethanol concentrations
(26-93%), time (2.77-55.22 min),
and temperature (26.36-93.64 °C)
at different values. Cooled to 5 °C,
centrifugated, and stored at
—20°C.

[67]

Peel (Hass
variety)

Emulsion

Washing, freeze-drying,
and milling.

Extraction and emulsion
formulations.

Extraction: Soxhlet method, in a
1:36 ratio of ethanol to avocado.
Three h of extraction.
Emulsion formulation:
oil-in-water and water-in-oil.

23%(extraction)

[68]

Skins, pits, and
leftover flesh

Vermicompost

Pre-composting of the
organic residues.

Uses earthworms to
break down organic
materials.

Layers of shredded avocado

waste and bedding material

(paper, leaves, etc.) at room
temperature.

[69]

Seed

Biochar

Avocado seeds cut.

Pyrolysis

Heating at temperatures between
400 and 550 °C.

[70]

Skins, pits, and
leftover flesh

Liquid
biofertilizer

Selection and isolation of
active microorganisms.

Anaerobic digestion.

Fermentation for 90 h at 30 °C.

[71]

THE: Tetrahydrofuran. All the studies contained in this table were carried out at a laboratory scale, which implies
a technology readiness level of 4.
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3.1.3. Biogas

Biogas is a flammable gas composed mainly of methane (CH4, 50-60%, v/v), and
CO, (30-45%, v/v), HyS, and NHj can be found in small quantities. It is produced by
the anaerobic digestion of organic matter carried out by microorganisms, which is why
its composition is so variable. CHy is the relevant gas in this mixture, as it is the actual
gas of concern due to its use as an energy source [7]. Biogas obtention by using agro-
wastes, including avocado pulp, for its high oil content has been widely studied. Almeida
and Cadena [72] reported that biogas production from avocados was lower compared
to sources with high protein (soybean), sugar (blackberries), or fiber content (sugarcane
bagasse). This is probably because the high content of long-chain fatty acids in avocados
could inhibit the microorganisms in the methanogenesis phase. Furthermore, a significant
concentration of lipids inhibited methane production due to the formation of long-chain
fatty acids [72,73]. Therefore, the use of avocado pulp may not be an appropriate approach
for biogas production. In line with this, avocado seeds have been used for biogas production.
A thermal-chemical (steam + NaOH) pretreatment, followed by the application of cellulases,
allowed the authors to obtain 214.2 NmL/g of biogas, which is a higher value compared
to the biomass without enzymatic treatment (161.5 NmL/g) [16]. Hence, by using the
proper pretreatment, the avocado seeds can have a higher potential for CHy production in
comparison to other agro-waste such as bananas, potato peels (90%, v/w) [74], cocoa pods
(65%, v/w), and peanut shells (40%, v/w) [16].

Other studies have explored the strategy of carrying out biogas production through the
co-digestion process, which has shown that under certain conditions, the biogas production
yield can increase compared to using a single substrate due to a synergistic effect [7,53,58].
In the study by Kenasa and Kena [58], a mixture of avocado peels and manure from
different animals was assessed. The higher accumulative biogas production (453.5 mL) was
achieved using 50% (w/w) avocado peel and 50% (w/w) poultry manure after 4 days of
incubation at 25 °C, 0.5% (w/w) salt, and a pH of 7. All the feedstock containing avocado
peel waste showed fast and higher biogas generation in comparison with the treatment
without agro-waste. On the other hand, Tura et al. [7], evaluated the production of biogas
through a combination of different fruit and vegetable wastes (including avocado) with
cow manure. They showed that through this strategy, it is possible to obtain 105.5 mL of
biogas/kg of biomass. In a similar study, the synergistic effect between cow manure and
avocado pulp was described, and this combination was able to achieve an increase of 113%
(v/w) concerning the production of cow manure separately [59]. Therefore, the production
of biogas from avocado waste presents a sustainable approach to waste management and
energy generation because 1 m3 CHy is equivalent to 11 kWh [16]. The pretreatment
with enzymes followed by the co-digestion process is a valuable alternative to convert
avocado waste into bioenergy, further reducing residues and contributing to a circular
economy. With continued research and development, biogas production from avocado
waste has the potential to play an important role in the transition toward a more sustainable
energy system.

3.2. Production of Biodegradable Plastics

Bioplastics are polymers made or obtained from renewable natural resources or cer-
tain microorganisms. They are an alternative to traditional plastics, acquired through the
polymerization or condensation of molecules from petroleum refineries [75]. Bioplastics
represent an opportunity to address climate change as they help to reduce the emission of
greenhouse gases (mainly CO;) [75-77]. To obtain bioplastics, it is usual to process food
products, such as maize, potato, and tapioca, among others, mainly to obtain polysac-
charides [78-80]. As this may affect the food supply, the use of other sources to produce
bioplastics, such as agro-industrial waste, is currently being explored [77]. The use of
avocado seeds has gained interest in recent years to produce bioplastics since this pro-
cess requires a large volume of raw materials. In addition to this, avocado seeds have a
high content of starch (Table 2) [60]. A method for processing avocado wastes to obtain
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functional films by using avocado peels and seeds (35 and 65%, w/w) has been proven.
This process includes acid hydrolysis with acetic acid, followed by plasticization with
polyglicerine-3 and subsequent blending with pectin. The resulting film was suitable for
food contact applications owing to its mechanical qualities, optical clarity, outstanding
oxygen barrier capabilities, high antioxidant activity, biodegradability, and component
migration control [81]. The addition of plasticizers helps to improve the mechanical prop-
erties of avocado films. In this sense, the mechanical properties of films made of starch
from avocado seeds and chitosan were improved by the addition of ethylene glycol. Of
particular interest is the linear increment in tensile strength and elongation at break as the
plasticizer concentration increases from 5 to 35% (w/w) [60]. Moreover, glycerol was used
to improve the mechanical properties (elongation increased four times) and water vapor
permeability of the bioplastic obtained by extracting starch from avocado seeds, in contrast
to the bioplastic without the addition of glycerol [61]. On the other hand, microcrystalline
cellulose from sugar palm fiber was added to the bioplastic obtained from avocado seed
starch as reinforcement in different proportions. Using this strategy, it was found that the
best properties of the bioplastic were obtained with a 7:3 ratio of starch to microcrystalline
cellulose. The bioplastic developed a tensile strength of 20.87 mPa and an elongation at
break of 6.22% [62]. The bioplastics from avocado waste have great potential for use in
foods with low moisture content, owing to their tendency to absorb water, promoting the
loss of quality properties [61]. Furthermore, by mixing the starch from avocado seeds with
other hydrocolloids and plasticizers, bioplastics with different properties for a wide range
of applications can be developed, covering the requirements of each perishable food.

The production of bioplastics such as polylactic acids (PLAs) and polyhydroxyalka-
noates (PHAs) using avocado waste as feedstock has also been described (Table 3). Modified
Escherichia coli was used to synthesize lactate from avocado seed hydrolysate, which was
used for the subsequent production of PLAs [63]. In other cases, avocado oil was used as
the carbon source for PHA production by Cupriavidus necator H16. In this study, different
proportions of avocado oil were used for PHA production, concluding that the best yield
was reached by adding 20% (v/v) oil in the culture medium with nitrogen limitation [64].
Furthermore, different ratios of arabinose/avocado oil to obtain PHAs have been assessed;
this is of particular importance since 0.1% (w/v) of arabinose has proven to encourage the
wild-type synthase in C. necator H16 to express itself and polymerize longer-side chain
monomers such as 3-hydroxyoctanoate (3HO) and 3-hydroxydecanoate (3HD) when com-
pared to co-polymers made entirely of 3-hydroxybutyrate. This structural modification has
a direct effect on the properties of the polymer; in this case, the melting temperature of
the co-polymers is dramatically lowered by the inclusion of even trace amounts of 3HO
and 3HD [82]. Hence, the culture medium composition should be properly optimized and
aimed at producing the bioplastic with the required conditions for the target application.
The production of biodegradable plastics from avocado waste has gained significant at-
tention in recent years as a sustainable solution to the ever-increasing problem of plastic
waste. Biodegradable polymers offer a potential alternative to traditional plastics that take
hundreds of years to decompose and can cause severe damage to the environment.

3.3. Production of Animal Feed

Another way to promote the valorization of avocado waste is by feed production.
Avocado seeds have been found to contain metabolic energy and can be used as a feed
ingredient. However, the use of avocado waste in feed production must be limited due to
the presence of antinutritional substances or tannins [83]. Despite this limitation, studies
have shown that incorporating avocado waste into animal feed can have positive effects on
body weight gain, feed efficiency, and other production performance parameters [84,85].
Evan et al. [84] performed an exploratory study carried out on lambs, which showed that
the inclusion of 10% avocado meal in the diet after 84 days had a positive effect on weight
increment in comparison with the control without affecting the growth behavior of the goats,
and no significant effect on carcass traits was observed [86]. However, diets containing
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14.8% avocado pulp and seed as a supplement for dairy goats showed a decrease in milk
production and milk fat content, and this was linked with avocado lipid oxidation, which
also caused off-flavor [84]. Regarding pig feeding with avocado wastes, a formulation
containing sorghum meal (53.7%), soybean meal (12.9%), avocado paste (30.0%) (made of
grounded whole avocados), CaHPO4H-2H,0 1.0%, CaCO3 (1.2%), NaCl (0.2%), vitamins,
and trace elements (1.0%) was assessed (all percentages in w/w). Avocado consumption
significantly changed the amount and make-up of intramuscular fat, lowering the lipid
content in the muscle longissimus thoracis and raising the level of unsaturation. During
cool storage, the muscles from treated pigs exhibited considerably decreased lipid and
protein oxidation rates. Additionally protected from oxidation was the color of the treated
pigs’ muscles [87]. In the case of broiler poultry, the feed consisted of grounded corn
seeds (23.5%, w/w) and pomegranate-avocado pulp and seed wastes (76.5%, w/w). This
supplementation had a positive impact on meat quality, particularly in the improvement of
the fatty acid composition, such as w-3 fatty acids, a reduced ratio of w6/ w3 and cholesterol
levels, and enhanced antioxidant activity. Additionally, compared to the commercial corn
silage used for broiler breeding, this mixture was 50% less expensive [88]. Utilizing
agricultural waste, particularly avocado residues, in the optimized concentrations for
feed formulations could be an intriguing strategy for cutting expenses while promoting
sustainability and environmental welfare. However, it is important to mention that avocado
wastes, particularly peels and seeds, contain persin (1.81 & 0.35 mg persin/g avocado
seed) [15]. This compound is an acetogenin formed from the production of long-chain
fatty acids and has a similar structure to linoleic acid. Persin can induce non-infectious
mastitis and agalactia owing to the extensive coagulation necrosis of the secretory acinar
epithelium and interstitial edema, congestion, and hemorrhage. It has been demonstrated
that at a dose between 60 and 100 mg/kg, persin induces the above-mentioned effects on
mammary glands in lactating mice. However, doses above 100 mg/kg induced necrosis
of myocardial fibers and hydrothorax in the animals [89]. Hence, it is important to have
information about the concentration of this compound in the feed or reduce the constant
consumption of products that do not report the persin concentration.

3.4. Production of Natural Fertilizers

Avocado industry waste generates opportunities to develop products with greater
value-adding from these wastes to promote a sustainable green economy [90]. The com-
position of this waste is organic matter with a high concentration of nutrients, essentially
phosphorus and nitrogen, which bring to this waste an important fertilizing capacity [91].
Several types of biofertilizers can be produced from avocado industry waste, and we will
explain some of these in the next subsections.

3.4.1. Compost

Composting involves the decomposition of organic matter through the action of
microorganisms, resulting in a nutrient-rich fertilizer that can be used to improve soil
quality and plant growth. In addition, this process provides a mature product that is free of
pathogenic microorganisms and stable for use in agriculture [92,93]. To study the degree of
organic matter decomposition during composting, the most frequently used parameters
to assess humification include the carbon/nitrogen (C/N) ratio, the humic acid/fulvic
acid ratio, and the humification ratio. The C/N ratio is an indicator of the availability of
nitrogen during composting. As composting progresses, the C/N ratio decreases due to the
decomposition of carbon-rich organic matter and the release of nitrogen. A lower C/N ratio
is generally considered to indicate a more mature compost [7,11]. Perez-Murcia et al. [91]
studied different composting methods combining avocado leaves with another agri-food
sludge. They found that the N contents were the highest at the beginning of the process,
with a lesser increase with time. However, they found that this product showed low values
of the germination index, less than 60%, which indicates potential phytotoxicity possibly
associated with the greater presence of polyphenolic compounds. The humification ratio is
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a measure of the degree of humification of organic matter during composting. Humification
is the process by which organic matter is transformed into stable, humic substances. A
higher humification ratio indicates a more advanced stage of humification and a more
mature compost [91,94]. The humic acid/fulvic acid ratio is a measure of the relative
proportions of different types of organic matter in compost. Humic acids are complex
organic molecules that are more resistant to decomposition, while fulvic acids are smaller
and more easily degraded. A higher humic acid/fulvic acid ratio is generally associated
with a more mature compost [94]. The composting of avocado waste is one of the most
critical areas for sustainable avocado waste management, helping farmers reduce their
dependence on chemical fertilizers.

3.4.2. Vermicompost

Avocado waste can be processed through vermicomposting to produce a nutrient-rich
fertilizer. Vermicomposting is a process that uses earthworms to break down organic mate-
rials into nutrient-rich compost that can be used as fertilizer for plants [95]. Avocado waste,
including skins, pits, and leftover flesh, contains valuable nutrients, such as nitrogen, potas-
sium, and phosphorus, that are essential for plant growth. By vermicomposting avocado
waste, the earthworms can help break down the waste and convert it into a nutrient-rich
compost that can be used to nourish plants [69,96]. To vermicompost avocado waste, layers
of shredded avocado waste and bedding materials such as shredded newspaper, cardboard,
or leaves are formed. Then, the earthworms are added to the bin and left to do their work.
Over time, the earthworms break down the avocado waste and produce rich compost that
can be used to fertilize plants. It is important to note that not all types of earthworms
are suitable for vermicomposting. Red worms, also known as red wigglers, are the most
commonly used species for vermicomposting because they thrive in organic waste and
produce high-quality compost [69].

3.4.3. Biochar

Biochar is a form of charcoal that is produced by heating organic material, such
as wood or agricultural waste, in a low-oxygen environment. Avocado waste can be
converted into biochar through pyrolysis. Biochar is a carbon-rich material that can be
used as a soil amendment to improve soil structure, increase water-holding capacity, and
enhance nutrient retention [97]. When avocado seeds are used to produce biochar, the
process involves heating the waste in a kiln or oven at temperatures between 400 and 800
°C. This results in the production of a stable, carbon-rich material with a higher heating
value [98]. Biochar made from avocado waste has been found to have a high content of
carbon and other nutrients, such as nitrogen and phosphorus, which can help improve
soil fertility and support plant growth [70]. The porous structure of biochar also can
retain water and nutrients, which can help reduce nutrient runoff and soil erosion. Studies
have shown that biochar from avocado seeds impregnated with Mg-(hydr)oxide (post-
pyrolysis) demonstrated the benefits of metal impregnation regarding enhancing phosphate
adsorption and its potential use for water treatment due to its performance for aqueous
phosphate removal [99].

3.4.4. Liquid Biofertilizers

A suspension that has agriculturally useful microorganisms, such as phosphobacteria,
Rhizobium, and Azospirillum, is a liquid biofertilizer. The advantage of liquid biofertilizers
over conventional carrier-based biofertilizers is a higher competition potential with the
native population, longer shelf life, and stability in storage up to 45 °C. Avocado waste
can also be used to produce liquid biofertilizers through a process known as anaerobic
digestion. During this process, microorganisms break down organic matter in the absence
of oxygen, producing a nutrient-rich liquid fertilizer that can be applied directly to plants
or used as a soil amendment [100]. Otherwise, the biofertilizer could be made by a mixture
of different organic materials, as proposed in US patent 11,512,029 B21, where manure,
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organic waste such as avocado, and microorganisms that metabolize nutrients are used to
increase nutritional value while contributing to providing humus, limiting leaching and
soil erosion, balancing microorganisms, and reducing environmental contamination [71].
The use of avocado waste as fertilizers offers several advantages, including (i) waste
reduction: composting is an effective way to reduce the volume of avocado waste gen-
erated by the industry. By diverting avocado waste from landfills, composting helps to
reduce greenhouse gas emissions and environmental pollution. (ii) Soil enrichment and
composting procedures: nutrient-rich organic material can be used to improve soil fertility,
enhance water retention, and promote plant growth. (iii) Cost savings: composting can save
farmers’ and growers’ money by reducing the need for synthetic fertilizers and improving
soil health, leading to healthier crops and higher yields. Composting seems to be the easier
and cheaper alternative for avocado waste management. However, it can be a challenge
due to some limitations, including (i) time and space requirements: composting requires
time and space to allow the waste to decompose and transform into a usable product;
(ii) high moisture content makes it difficult to compost it without the addition of dry or-
ganic materials such as straw or wood chips; (iii) improper composting process can result
in a product with pathogen microorganisms such as Escherichia coli and Salmonella; and
(iv) variability in composition, due to the composition of avocado waste can vary depend-
ing on factors such as the variety of avocado, the stage of ripeness, and the method of
processing, which can affect the quality and consistency of the compost [70,99,101].

3.4.5. Avocado Waste as a Substratum for the Cultivation of Mushrooms
and Microorganisms

Edible mushrooms have been a part of human culture since time immemorial and are
very popular due to their sensory qualities and appealing culinary qualities. Mushrooms are
in high demand these days because of their numerous nutritional and health benefits. They
have a high protein, vitamin, and mineral content and are low in calories, carbohydrates,
fat, and sodium, and owing to this, they are considered superfoods [102,103]. Mushroom
cultivation substrates vary depending on the species of mushroom being grown, as different
species require different types and compositions of the substrate. Some common substrates
include sawdust, straw, compost, and various agricultural and forestry byproducts [104].
These substrates can be combined to achieve the desired mixture of nutrients, moisture,
and texture required for optimal mushroom growth [105]. Under the concept of circular
economy, agro-industrial by-products such as avocado waste can be used as substrates for
the obtention of added-value products. Of particular interest is mushroom production due
to its global market size, which was estimated at USD 50.3 billion in 2021 and is expected
to grow at a compound annual growth rate of 9.7% from 2022 to 2030. The increasing
vegan population across the globe eating a high-protein diet is expected to be a major
driver for the market during the forecast period [106]. Avocado waste can be used as a
substrate for mushroom cultivation. Studies have shown that avocado peels can be a great
substrate for oyster mushrooms such as Pleurotus ostreatus [17,105]. However, the yield
produced by this substrate can be lower than using orange and pineapple peels, but it is
important to mention that the mushroom cultivated on a substrate of the avocado peel
showed higher radical scavenging activities. This was attributable to avocado waste having
a high content of phenolic compounds (Table 2), which are absorbed by the mushrooms
during their cultivation [17]. Otherwise, a culture medium made from avocado seed
hydrolysates has been developed for the growth and support of lactic acid bacteria. This
medium supplemented with the proper nutrients and additives (peptone, meat extract,
yeast, Tween 80, dipotassium phosphate, sodium acetate, ammonium citrate, magnesium
sulfate, and manganese sulfate) was able to increase the biomass growth and lactic acid
production of Lactobacillus sp. In addition, a preliminary economic estimate indicated
that this alternative medium could be at least 17% cheaper than the conventional MRS
medium for lactic acid production. However, the strain used in this study showed low
yields and produced low lactic acid concentrations compared to other processes based on
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starchy biomass materials [107]. However, it is important to carry out the optimization of
the concentration of the avocado wastes used in the formation of substrates and culture
media due to the presence of persin in peels and seeds. Persin is a toxin contained in
the idioblastic oil cells of avocado fruits and leaves and is believed to act as a natural
insecticide and fungicide; hence, it could limit the growth and development of cultivated
organisms [15]. In addition to this, like any organic material, avocado waste can be
susceptible to contamination by competing microorganisms, molds, or pathogens. Proper
sterilization or pasteurization techniques should be employed to reduce contamination
risks as in any other substrate [17]. Furthermore, it is important to consider that the rate at
which avocado waste decomposes may differ from other substrates, affecting the overall
duration and efficiency of mushroom cultivation. Finally, the substrate texture could be
different than that of traditional substrates such as straw or sawdust, which can impact
mycelium colonization and fruiting [17,105]. Nevertheless, using fruit waste substrates such
as avocado peels for mushroom or microorganism cultivation under the proper optimized
conditions is a good way to convert agricultural waste into a value-added product and
reduce the amount of waste sent to landfills.

3.5. Production of Food Ingredients and Supplements

As previously mentioned, the amount of waste produced by avocado processing has
become an opportunity due to the ample possibilities of using and reintegrating it into
the production chain and revaluing it [11,108]. Avocado wastes are rich in compounds
of interest, such as starch, antioxidants, lipids, and a wide range of other phytochemicals
that can be of potential use in the food industry [19]. The avocado seed has been studied
by several research groups that have found many phenolic compounds with antioxidant
activity, in fact with a greater amount than that contained in the pulp or peel [109,110].
As described above, the application of seed extracts in various foods has gained much
attention. For example, Permal et al. [11] developed a ready-to-eat extruded snack from
freeze-drying seeds. The persin and amygdalin contents were 2.6 x 107® and 0.68 mg/g,
respectively, which were non-toxic to humans. In agreement with this, the detected levels of
amygdalin and persin in cereal snacks added with different concentrations of avocado seed
powder (6, 12, and 18%) were negligible, while the developed product showed a parallel
increment of the dietary fiber content. Their results are consistent with those observed
in other research groups, where avocado seed powder has been found to contribute to a
substantial increase in the content of phenolic compounds. In addition, with 6% avocado
seed powder, the content of polyphenols increased approximately fivefold [28]. Another
study in which a snack was obtained from avocado seed flour and maize showed that
a proportion of 20% avocado seed flour is enough to obtain a product with antioxidant
activity [65]. The reduction in the concentration of these compounds in the functional
products has been linked to the sublimation process during the freeze-drying processing of
avocado waste [11,28].

Other research groups have evaluated avocado seed extracts processed in different
ways for their potential application in the food industry. Avocado seed extracts have anti-
inflammatory activity and potential use as a food ingredient [111]. However, as with any
plant extract, its bioactive compounds are susceptible to decomposition by exposition to
environmental conditions. For this, the implementation of techniques such as spray-drying
represents a reliable alternative to protect them by incorporating natural polymers [66].
In line with this, the oil/water emulsion of avocado seed extracts and egg albumin had
an antioxidant effect on hamburger meat since it was found that this meat showed no
signs of oxidation for 8 days [67]. Most of the studies have been based on avocado seed
extracts; however, the use of peel extracts has also received interest from other research
groups, as shown in a study by Ferreira et al. [68] in which the antimicrobial activity of
an avocado peel extract in mayonnaise was investigated. They found that the ethanolic
extract could inhibit bacterial growth with better performance than that shown by ascorbic
acid. In addition to the presence of oils and phenolic compounds, avocado seed is also a
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great source of starch. The starch from this source has a gelatinization temperature range of
56-74 °C, a solubility of 19-20%, and a swelling power of 28-30 g water/g starch, meaning
that it has potential as an ingredient in food systems [66,68]. Therefore, avocado wastes
have a great potential to obtain high-added-value products; however, this process can
involve several steps, which are common in the processing of pulp, peels, and seeds. This
could be harnessed to obtain more than one product from these wastes (Figure 2).
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Figure 2. Main process involved in the conventional avocado waste biorefinery. Compounds in red
are substances that could affect human or animal health after constant consumption in high amounts.
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4. Role of Avocado Waste Valorization in the Compliance of Sustainable
Development Goals

Avocado waste valorization has the potential to contribute to the compliance of sev-
eral sustainable development goals (SDGs) as it provides a sustainable solution for waste
management and can lead to the creation of value-added products [27,88,112]. This is
an important topic as it pertains to the sustainable utilization of agricultural waste and
the achievement of global sustainable development objectives. Avocado waste is an or-
ganic residue that can be utilized to produce bio-products, including biodegradable plas-
tics, biogas, biofuels, and food ingredients [12,29,62]. This provides an opportunity to
reduce waste generation, increase resource efficiency, and support the transition to a
circular bioeconomy.

The valorization of avocado waste through various biorefinery processes has the
potential to contribute significantly to the SDGs (Figure 3). The avocado fruit is a source
of food and income for many communities. The valorization of avocado waste can lead
to the production of value-added products, such as avocado oil, flour, and pulp, which
can be used as food ingredients, reducing food waste and contributing to food security
(SDG 2: Zero Hunger) [13,32]. Otherwise, the extraction of the high content of antioxidants
and other bioactive compounds in avocado waste leads to the production of nutraceuticals,
functional foods, and dietary supplements that promote good health and well-being (SDG
3: Good Health and Well-being) [13,68].

[ Valuable compounds from avocado waste can be
used to enhance food security and contribute to a -
more sustainable and efficient food system.
SDG 2:
0 !
b i, Zero Hunger o
. L. SDG 3: Bioactive compounds from
Sustainable avocado valorization * e T s
. B . \ y
practices can promote responsible _SDG 15: v/ Good Health provide added nutritional
land management, conservation, Life on Land and Well- value to foods.
and reforestation efforts. being

N y N .

m ' / N 4 Avocado valorization could potentially

Decrease methane emissions and SDG 13 SDG 5: create opportunities for women's
prevention of the release of carbon Climate Gender empowerment in rural areas, as women
dioxide, mitigating greenhouse gas Action Equality often play a crucial role in agriculture
emissions, and combat climate changE\ — Avocado waste — and food processing.
\_/'/ valorization \/
e O.O'ls SDG 12: s —_ spG7: Energy
Avocado industry can reduce its Responsible \
P Affordable Production of renewable energy

environmental footprint and ensure Consumption

the efficient use of resources.

Circular
Economy

) g

el — g and Clean sources such as biogas, bioethanol,
% VO‘ \ reehien Energy / and biomass pellets.

? g \_/
Industry, Decent Work  Avocado valorization could lead tothe\;‘"f L P

Research and investment in avocado waste recovery Innovation, and creation of job opportunities and: s YaY

technologies and infrastructure can drive innovation and Economic income generation in the avocado- | 8 1l 8

in waste management and support sustainable \Infrastructure Growth / producing regions. t; 1: 88 {i)
\ / Y / o 5 =8 S8

industrial practices.

Figure 3. Importance of avocado waste biorefinery in compliance with the sustainable development
goals (SDG).

Moreover, the use of avocado waste as a feedstock for bioenergy production can
contribute to the transition towards renewable energy sources such as biogas, biofuels, and
other forms of energy, reduce reliance on fossil fuels, and promote sustainable energy (SDG
7: Affordable and Clean Energy) [12,113]. Avocado waste conversion into bioenergy can
reduce greenhouse gas emissions and mitigate climate change. The use of bioenergy can
also help to reduce deforestation and land-use change, which are major contributors to
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carbon emissions (SDG 13: Climate Action) [18,90]. The valorization of agro-waste can
create employment opportunities and contribute to economic growth. In this sense, small-
and medium-sized enterprises can be established to process the waste into value-added
products, creating jobs and increasing income for local communities (SDG 8: Decent Work
and Economic Growth). All these actions that result in the production of value-added
products from the waste contribute to a circular economy, where waste is viewed as a
resource rather than a liability (SDG 12: Responsible Consumption and Production)[12,113].
The production of value-added products from avocado residues reduces waste generation,
promotes sustainable consumption and production, and contributes to the transition to-
wards renewable energy sources, all while providing economic and social benefits. Several
international companies harness avocado wastes for the development of added-value
products that are well-positioned in the market (Table 4). Even in these successful cases,
a collaborative effort between different stakeholders, including governments, industries,
and academia, is required to promote research and the implementation of sustainable
management practices to achieve the SDGs.

Table 4. Commercial products based on avocado wastes or that incorporate avocado by-products in
their formulation.

Product Brand
Refined and unrefined avocado oil Chosen Foods Chosen Foods®
Refined avocado oil Spectrum Naturals®
Avocado oil La Tourangelle®
Cold-pressed, unrefined avocado oil Bella Vado®
Cold-pressed, unrefined avocado oil Avohass®
Cooking oil and .avocado oil infused with Olivado®
various flavors
Avocado oil for cooking and cosmetic industry NOW Foods®
Cooking oils, salad dressings, and mayonnaise Primal Kitchen®
Moisturizers, eye creams, and face masks. Kiehl’s®
Face masks and eye creams Origins®
Moisturizers and eye creams Clinique®
Body butters, lotions, and masks The Body Shop®
Body lotions and hydrating masks. Neutrogena®
Body lotions and creams Aveeno®
Moisturizers, serums, and masks Eminence Organic Skin Care®
Moisturizers and masks Peter Thomas Roth®

Patagonia®, Eileen Fisher®, Ace & ]ig®, Two

Avocado dye for clothing Days O £ Stu dy NY®, Lacausa®

5. Trends and Challenges for Avocado Waste Valorization

The new bio-economy vision rests on unlocking the full potential of all types of
sustainably sourced biomass, including residual biomasses such as avocado waste from
the avocado processing industry, and it is based on reducing waste and maximizing
resource efficiency [92]. The tendency in the avocado industry is to reduce waste by finding
innovative uses for avocado waste. Returning to what was said above, avocado waste can
be composted to produce a nutrient-rich soil amendment, which can be used to support
plant growth and reduce the need for chemical fertilizers.

Additionally, avocado waste can be used as a feedstock for biogas production, which is
a renewable energy source that can be used to generate electricity or fuel vehicles. Another
trend in waste reduction consists of finding innovative uses for avocado waste. For example,
avocado waste can be used to produce food ingredients such as dietary fiber, antioxidants,
and colorants, which can be used in a variety of food products. The avocado industry has
the potential to support sustainable development by reducing waste, improving resource
efficiency, and promoting economic growth (Figure 4). By finding innovative uses for
avocado waste, the industry can reduce its environmental footprint, create new business
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opportunities, and contribute to a more sustainable future [101,113]. In addition, there
is a growing focus on the development of innovative processing technologies that can
improve the efficiency of avocado waste valorization. These technologies include high-
pressure processing, enzymatic hydrolysis, and microwave-assisted extraction, which
can enable the extraction of the target compounds while maintaining or improving their

properties [32,112].

Avocado wastes
—
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Figure 4. Integral biorefinery of avocado waste incorporating emerging technologies and global
market value of the products. CARG: compound annual growth rate. Flow lines indicate the use of
the biomass derived from the previous process.

Some challenges associated with the green valorization of avocado waste, including
(i) the logistics of collecting and transporting avocado waste, can be challenging, especially
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for small-scale producers. The waste is highly perishable and requires careful handling to
prevent spoilage and maintain its quality. (ii) The scale-up of avocado waste valorization
processes can be challenging due to the variability in the waste stream. The waste can
vary in composition, quality, and quantity, making it difficult to develop standardized
processes that can be easily scaled up. (iii) The production of value-added products from
avocado waste can have environmental impacts, such as the consumption of energy and
water resources and the generation of waste streams. It is important to ensure that the
environmental impact of these processes is minimized and that sustainable practices are
followed. (iv) The regulatory framework for avocado waste valorization is still evolving,
and there is a lack of clarity regarding the approval processes for the use of avocado waste
in food, cosmetics, and pharmaceutical products [114].

In addition to the mentioned points, all the proposals for waste valorization must be
effective and economical strategies that consider the technical and economic feasibility of
the process. At the same time, they must ensure environmental protection and safety. Even
with all the studies carried out on waste valorization, more research and the development
of new valorization strategies should be encouraged to create new market opportunities
for avocado waste by-products. This will require the collaboration of all stakeholders
in avocado production, including researchers, farmers, and policymakers, to promote
sustainable practices.

6. Conclusions

The avocado waste biorefinery is a promising solution for achieving more sustainable
development. The use of avocado waste as a feedstock to produce biofuels, bioplastics, and
other value-added products not only helps to reduce waste but also offers an alternative to
traditional fossil fuels and plastics. Additionally, the development of such a biorefinery
creates new revenue streams and jobs, thus contributing to the local economy. This approach
creates economic opportunities, particularly in developing countries, potentially reducing
poverty while mitigating environmental pollution caused by the disposal of waste. As
we continue to seek ways to reduce our environmental impact and move towards a more
sustainable future, initiatives like this pave the way for innovative and practical solutions
to promote the effective utilization and reutilization of waste resources that benefit both
the environment and society. To achieve this, several challenges should be addressed,
including logistics, scale-up, environmental impact, and regulation. The adopted strategies
to solve these drawbacks must be effective and economically feasible. Addressing these
challenges will require collaboration between industry, academia, and government to
develop innovative solutions that promote the sustainable use of avocado waste.
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