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Abstract

Biorefineries are a model for greener production processes, based on the concept of bioeconomy. Instead of targeting first-
generation biofuels—that compete with food supply—the focus relies on lignocellulosic material, considering many aspects,
such as sustainable fuel production, as well as valorization of waste, as an alternative to the traditional petrochemical approach
of goods production. Especially, in tropical countries agricultural activities lead to tremendous amounts of biomass, resulting
in waste that has to be dealt with. In the case of Costa Rica, the five major crops cultivated for export are coffee, oil palm,
pineapple, sugarcane, and banana. Traditional ways of waste treatment cannot cope with the increasing amount of biomass
produced and therefore, bear various challenges often related to increased pollution. This review aims to bring up the recent
state of waste treatment but even more, stress potential opportunities of adding value to not used residues; thus, improve
sustainability in the agro industrial sector.

Part I of the review already highlighted the potential of producing promising bioactive chemical compounds by novel biore-
finery concepts from agricultural waste originating from coffee and oil palm cultivation.

This second part focuses on the lignocellulose-rich biowaste from pineapple, sugarcane, and banana, showing biorefinery
concepts, where fuel and energy production, as well as establishment of novel products and new applications, play an
important role.
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agroindustrial waste management are garbage, composting,
or energy generation in a combustion process [3]. However,
especially disposal in landfills entitles environmental dam-
age, since tons of waste accumulates rapidly. Additionally,
some agricultural waste can lead to the toxification of the
soil, if not treated before dumping [4, 5]. In consequence, the
impact of contamination does not solely affect land quality,
but also water quality, when wastes are released into water.
Alternatively, combustion [1], which is one way to produce
energy [6], significantly reduces air quality.

In contrast, sustainable waste management implies a system
where waste is further treated and handled as a resource that
can lead to new processes, recycled, recovered, or treated fur-
ther [7]. Increased sustainability is connected with the model
of bioeconomy [8]. This new economic movement became
popular in the 2000s, which is demonstrated in the bibliometric
analysis of D’Amato et al., referring to the term “bioeconomy”
to use biomass resources instead of fossil sources in any form
of consumption and production [8, 9]. However, Pfau et al.
pronounces various controversies in science and politics to
stress whether a transition to a bioeconomy comes together
with a more sustainable future, as the food vs. fuel dilemma
is issued more frequently [8]. In 2020, the Costa Rican gov-
ernment launched the “National Strategy of Bioeconomy for
Costa Rica, 2019-2030.” The main idea behind this strategy is
to promote sustainable development through the utilization of
biodiversity and biomass in a circular economy approach [10].
This proposal contemplates five strategic areas: bioeconomy
for rural development, biodiversity, development, biomass
biorefinery and urban as well as green cities bioeconomy.

Biorefinery is defined as a facility that processes agricul-
tural waste to produce energy, alternative fuels, and fine chemi-
cals. The first-generation biorefineries focused on renewable
materials, such as sugar and vegetable oil, to produce biofuel
competitively to petroleum-based fuel [10]. The three main
types of biofuel used vegetable oil to generate biodiesel, sugar
or starch were converted to bioethanol and liquid manure to
produce biogas by anaerobic digestion [10]. One of the main
problems this first attempt faced in establishing a biorefinery
was the competition with food supplies. In a second-generation
biorefinery lignocellulosic materials, such as agricultural waste,
forestry waste, and others, are used as a substrate for the biofuel
production [10]. The degradation of woody and lignocellulose-
rich biomass is more challenging due to the mixture of cellu-
lose, hemicellulose and lignin, which has to be broken down
to sugars or starch; therefore, specific treatments resembling
in a multitude of additional unit operations are needed [6, 11].
Besides biofuels, biorefinery concepts also aim for bio-based
chemicals, heat, and power production in the same manner [11].
Successful biorefinery concepts invariably couple energy pro-
duction with the extraction of fine chemicals, thus contributing
to the circular economy approach, a concept that aims to close
material loops in order to preserve products and achieve their
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maximum utility [12]. According to the brochure 2020 of the
National Institute of Electricity of Costa Rica (span.: Instituto
Costarricense de Electricidad (ICE)), more than 98% of Costa
Rica’s electricity was produced by renewable energy in the pre-
vious five years [13]. Nevertheless, this value only accounts
for electricity usage. The electricity in Costa Rica comes from
hydropower facilities, geothermal plants, wind turbines, and
solar panels [13]. This gives rise to Costa Rica’s great chance
of further improvement in the biorefinery area, especially, when
it comes to meeting the demand of gas and fuel in a sustainable
manner coupled to the generation of valuable chemicals.

As mentioned earlier, the biorefinery approach is dem-
onstrated for three of the five most cultivated crops in
Costa Rica. In 1993-1994 banana, coffee, milk and beef
industries accounted for a large part of Costa Rican export
income [14]. On the other hand, up to 1.41 MT (million
tons) of solid wastes from crops were disposed in the envi-
ronment [14]. The majority of solid residues, dumped as
waste, were generated by coffee, banana, sugarcane, and
the oil palm industry, with each contributing up to 421,000
MT produced per year [14]. In 2014 the most extensively
cultured crops still were coffee and banana, but also oil
palm, sugarcane and pineapple, occupying around 295,000
hectares [15]. According to Vladimir Gonzalez, there has
been an increase in pineapple cultivation in Costa Rica of
about 400%. In 2000 there were 13,304 hectares of land
cultivated with pineapple; this number increased to 66,670
hectares in 2017 [16]. As in 2002, the total residues repre-
sented around 1,730,000 MT for sugarcane, 521,000 MT
for banana, 488,000 MT for coffee and 221,000 MT for oil
palm [14] and have further increased up until today. Residue
utilization varies from animal feeding to fertilization and
other uses, such as energy sources, human feeding or poultry
bedding [14]. More recently, some coffee industries have
innovated with natural health supplements derived from
agrowaste, ranging from coffee mucilage concentrate (Natu-
café, Colombia) [17], to coffee mucilage beverages (Naox,
Colombia) [18]. Nevertheless, there are still more profitable
uses, as some of the lignocellulosic residues also contain a
large number of bioactive compounds of high interest in the
pharmaceutical and cosmetics industry, such as enzymes,
antioxidants, among others [19-21]. The aim of this review
(part I [22] and 1II) is to evaluate five relevant tropical crops
by presenting information about their features, biomass, and
by-products, and to consider biorefinery perspectives for the
sustainable production of value-added products.

2 Pineapple biowaste revalorization

Pineapple is a perennial plant with a height of 75-150 cm
and a spread of 90-120 cm, which was initially found in
South America [23]. According to the crop database of
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the Food and Agriculture Organization (FAO) of the UN,
Costa Rica was the leading pineapple producer in 2019
cultivating more than 3 MT of fresh fruit [24]. Nowadays,
pineapple plantations have increased in size by more than
seven times since 1995, which implicates a tremendous
environmental impact [25]. This product generates a venue
of 941.5 million USS$ per year and leads to 5.6 million tons
of wet pineapple plant residue [26].

The plantations are predominantly located in the north-
ern part of the country, covering an area of 24,653 hectares
(56% of the cultivated area), the remaining plantations are
located in the Caribbean area (11,188 ha, 25%) and Pacific
area (8,659 ha, 19%) and gives work to about 250 produc-
ers, and employment to 32,000 workers [27].

In 2019, pineapple plantations in Costa Rica covered 40,000
harvested hectares [28], where nearly 59.36% of the total har-
vest accumulates to lignocellulosic waste, such as pineapple peel
and core [25]. Plantations produce, on average, 200 tons of crop
residue per hectare and harvest, resulting in an total amount of
4.5 MT of pineapple crop residue annually in Costa Rica [29].

2.1 Waste characterization

Pineapple field residues consist mainly of leaves as well as
stems and correspond to 80—150 tons of crop residues per
hectare and harvest. Sustainably, these residues are mostly
used to return nutrients to the soil. Either after compost-
ing, or after burning, whereas composting is the preferred
way of handling, as there is no such loss in plant nutrients.
Additionally, composted pineapple residue returns lead to
an increased availability of nutrients in the soil, as well as
an increased abundance of microorganisms, stimulating the
growth of next-cropped pineapple plants [30]. According
to van Tran [31], pineapple is mainly consumed as canned
fruit. Nevertheless, also juices, concentrates and jams are
popular products made from pineapple. These, usually
industrialized, production processes lead to additional by-
products, such as residual pulp and peel [4]. Overall, about
50% of the total pineapple weight account for waste, whereas
the main components are pineapple peel (29-40%) and core
(9-10%), among others [25, 32].

Each part of the plant has a different nutritional composi-
tion, as summarized in Table 1. The incidence and concen-
tration of these compounds are influenced by environmental
factors, such as location, season, plant maturity period, and
soil [37]. Because of the different climate zones where pine-
apple is produced, the final concentration of the constituents
in pineapple waste varies.

In addition to the differences in structural components
of pineapple waste, significant amounts of secondary
metabolites are reported, ranging from organic acids such
as citric acid, lactic acid, malic acid, oxalic acid to phe-
nolic compounds such as myricetin, salicylic acid, tannic

Table1 Tabular overview of the cellulose, hemicellulose and lignin
content of main pineapple components (in w/w %).
Plant part Cellulose Composition Lignin Reference
Hemicellulose
Crown 435 21.9 13.9 [33]
29.6 232 - [34]
59.0 17.5 33 [35]
Leaf 66.2 19.5 4.28 [35]
40.6 28.7 10.0 [33]
43.53 21.88 13.88 [36]
Shell 14.0 20.2 - [34]
10.1 5.8 7.8 [35]
40.55 28.69 10.01 [36]
Stem - - 5.3 [35]
Stubble 25.8 17.3 3.4 [35]

acid, trans-cinnamic acid, and p-coumaric acid [4, 38, 39].
Furthermore, primary polyphenols in pineapple peel, such
as gallic acid, catechin, epicatechin and ferulic acid were
reported [40, 41].

3 Biorefinery approach

Biorefinery is the biomass conversion process, leading to
production of fuel, and value-added chemicals, via bio-
technological routes. The establishment of proper and
alternative biorefinery processes to valorize pineapple
waste will contribute to the development of a circular
economy in this productive sector and to meet the Sus-
tainable Development Goals (SDG) of the United Nations
(UN). As shown by Nennie and De Boer [29] in the “Sus-
tainable Pineapple Costa Rica, Market Study,” there are
several revalorization strategies for the waste generated
from pineapple production. These and others are exem-
plarily illustrated in Fig. 1. In the following sections,
the highlighted applications and corresponding research
regarding the by-product valorization from pineapple
waste, will be explored.

4 Animal feedstock

Sruamsiri reported the use of pineapple waste in Thailand
as an alternative feed for dairy cows [42]. According to
Sruamsiri, pineapple waste is chosen due to its palatabil-
ity, based on the high moisture and soluble carbohydrate
content [42]. Nevertheless, due to the acidic pH, cattle pre-
fer fermented pineapple waste over the fresh one. Between
25 and 50% of roughage in cattle feed can be replaced
by ensiled pineapple waste [42-44]. Kyawt et al. state a
significantly higher uptake of dry matter, crude protein,
non-fiber carbohydrate, as well as energy, compared to a
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control group of cattle [44]. Besides, Buliah and cowork-
ers developed a strategy of pellet production from pine-
apple leaf waste to feed cows [45]. The leaf waste has a
high fiber content (48.7%), making it highly digestive for
animals. Additionally, feeding trials proofed an increas-
ing milk production of dairy cattle after a 90 day fed with
silage from pineapple fruit residues in comparison to
hybrid napier green fodder [46]. Raseel et al. analyzed
the impact of incorporation of pineapple waste in milk
production in dairy cow. Overall, an isonitrogenous and
isocaloric mix, where maize was substituted by pineapple
waste, increased the milk production to 12.94 kg, com-
pared to a control group of cows fed with a conventional
mix (11.94 kg) [47].

Complementary, a meta-analysis of the pineapple plant
(Ananas comosus) as ruminant feed in Costa Rica was carried
out by Lopez-Herrera et al. [35], to determine the potential
use of pineapple waste in their diet. As part of the study, silage
products were characterized, and the analyzed materials were
determined to be beneficial as part of the total regular portion
in livestock feeding, without decreasing the productive yield.

Despite the high number of publications proving the
great potential of pineapple waste as feed supplement, to
our knowledge, there is no industrial application of pineap-
ple waste as animal feeding, so far.

Fig. 1 Pineapple crop residue
valorization options adapted
from Nennie and De Boer.

[29] Curved white rectangles:
biowaste. Rectangles: processes.
Green rectangles: value-added
products. In italics: Discussed
in this review

Leaves . oo
valorization

5 Fine chemicals

Another important procedure of valorizing pineapple waste
is the production of fine chemicals, defined as single pure
chemical compounds that play an essential role in the chemi-
cal industry, even though they are produced in limited quanti-
ties, but achieving high prices. Fine chemicals are divided into
building blocks, i.e., compounds that are used as starting mate-
rials for the synthesis of certain chemicals or are used in phar-
maceuticals as active ingredients or intermediates [48]. Tradi-
tionally, chemicals are produced by the petrochemical industry
through organic synthesis. Nowadays, biorefinery has become
a key technology to improve sustainability and decrease the
environmental impact through biological synthesis.

Already in 1995, conditions for obtaining vanillin by oxi-
dation of Kraft lignin (Eucaliptus grandis) with Ca(OH),
were determined. This method was applied to different types
of agroindustrial wastes, such as pineapple peel, coffee husk,
and bagasse, among others. Coffee husk, pineapple peel,
and African palm tree were most promising, obtaining 1.8%,
1.5% and 0.6% (w/w) of vanillin, based on the lignocellu-
losic raw material [49].

Recently, Ong and co-workers reported a biotechnologi-
cal approach to achieve the production of vanillin and vanil-
lic acid from pineapple cannery waste (peel and core) [50].
Optimal conditions for the biotransformation of ferulic acid
to vanillic acid in the presence of Aspergillus niger 1-1472
and subsequent transformation to vanillin using Pycnoporus
cinnabarinus MUCL 39,533 were studied by application of
a central composite rotatable design. Factors such as inocu-
lum size, yeast extract concentration, diammonium tartrate
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concentration, as well as the initial medium pH were con-
sidered. Finally, 163 mg/L vanillic acid were obtained from
20 g/L pineapple cannery waste in an optimized maltose
containing medium, which led to a vanillin production of
141 mg/L. Additionally, the ferulic acid content was deter-
mined to be 3.25 mg/g pineapple cannery waste.

Alternatively, pineapple peels were also used to obtain
citric acid. Kareem et al. demonstrated an efficient biotrans-
formation by solid-state fermentation with Aspergillus niger
KS-7 the efficient biotransformation [51]. Varying medium
compositions were tested, for one, pineapple peel as the only
carbon source, for another, supplementation of 5%, 10% and
15% glucose and sucrose were tested. With pineapple peel as
the only carbon source, 17.2 g/kg citric acid were produced
after 5 days of fermentation. An increasing concentration of
added sugar, also enhanced the citric acid secretion, with a
productivity of 36.6 g/kg citric acid, when using pineapple
peel and 15% (w/v) sucrose. Pineapple waste supplemented
with sucrose and ammonium nitrate showed the maximum
yield of 60.6 g/kg citric acid in the presence of methanol.

Besides fermentations, polyphenolic compounds, such
as gallic acid, hydroxyl benzoic acid, chlorogenic acid,
epicatechin, coumaric acid, and caffeic acid were already
extracted from pineapple waste [41]. The extraction pro-
cess was improved using as mathematical optimization the
Box-Behnken design, considering influence factors such as
temperature, solid-liquid ratio and reaction time.

In an early study carried out by Larrauri and others, pine-
apple shells were applied as a promising source of dietary
fiber with high antioxidant activity [39]. High amounts of
arabinose, xylose, mannose, galactose, and glucose were
determined from grinded pineapple peels, proving a high
amount of total dietary fiber compounds. In addition, the
antioxidant content of 86.7% in pineapple peel is superior
compared to commercially available dietary fibers, such as
apple and citrus. Those phytochemicals are associated with
health benefits, making an optimization of (pre-)treatment
and extraction economically valuable.

In 2018, Banerjee and coworkers reported the valorization
of pineapple waste as a potential source of therapeutics [52].
Besides dietary supplements, the high content of carbohy-
drates (55%) in pineapple waste makes it a suitable substrate
for fermentation processes, to produce xylitol, xylooligosaccha-
rides, lactic acid and other high-value chemicals. In addition,
an extraction process for bromelain from pineapple waste is a
promising approach, due to its high market value of 2400 US$/
kg and its importance in therapeutics and food industry [32, 52].

Vastrad et al. took advantage of the high carbohydrate
content applying different fungi in a solid fermentation
process, yielding tetracycline antibiotics. The influence of
components such as carbon, inorganic and organic nitrogen
sources, and inorganic salts on the tetracycline production
by various strains of Streptomyces (S. aureofaciens NCIM

(2417, 2614, 2615), S. rimosus NCIM 2213, among oth-
ers) was reported [53]. Especially, supplemented nitrogen
sources, such as peanut meal, beef extract and soybean meal,
significantly increased the tetracycline production compared
to the control, whereas, additional carbon sources, such as
glucose and sucrose showed a negative trend in tetracycline
secretion. Additionally, initial moisture content, incubation
temperature, initial pH, substrate particle size, and inoculum
size were parameters evaluated. The maximum secretion of
12.94 mg tetracycline per g pineapple peel was obtained
after 7 days of fermentation on basal solid medium contain-
ing 100 g of pineapple peel at 5% moisture content [53].

Besides active pharmaceutical ingredients, also biosur-
factants are yielded by pineapple peel juice fermentation
with Pantoea spec. as reported by de Almeida et al. [54].
Biosurfactants are applicable in a variety of different fields,
such as environmental, food industry, or biopharmaceutical
technology areas due to their interfacial, emulsifying and
antimicrobial activity, among others. The biosurfactant pro-
duction was improved using different fermentation media
compositions. Besides vegetable fat and corn steep liquor,
also pineapple peel juice was investigated and optimized
parameters for biosurfactant production determined. Vega
et al. demonstrated the use of residual juice of pineapple
waste for the production of high molecular weight dextran
by inoculation with Leuconostoc mesenteroides, var. mes-
enteroides (ATCC 10,830) [55]. The fermentation was car-
ried out in a bioreactor where the pineapple juice, obtained
by pressing processing waste of pineapple, was used as
substrate. After centrifugation, precipitation and purifica-
tion with ethanol, the product was characterized in terms of
viscosity, molecular weight, and functional groups. Finally,
the produced dextran was used for further synthesis of an
iron dextran complex. In comparison, Feng et al. published
an alternative approach to obtain highly branched dextran
using Leuconostoc citreum B-2, isolated from a fermenta-
tion product of pineapple waste, whereas the carbon source
of fermentation was no agricultural waste but sucrose [56].

Furthermore, pineapple peel biomass is used as raw
material for nanocellulose extraction and to produce silica
nanoparticles [57]. Nanocrystalline cellulose possesses
great potential as stabilizers for oil-water suspensions, drug
delivery excipient, enzyme immobilization scaffold or tissue
engineering, among others [57]. Camacho et al. optimized
parameters such as solution concentration, temperature and
time for deriving nanocrystalline cellulose from pineapple
peels, envisioning an industrial process [57]. Also Corrales-
Urefia et al. focused their research on silica in bracts and
shell of pineapple [58], as silica is one of the stiffest cell
wall components, which provides mechanical strength and
rigidity [59].

Figure 2 illustrates microparticles in the range of 5 to
10 pm consisting of even smaller micro- and nanoparticles,
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extracted from the bracts and peel of pineapple. Due to the
high surface-area-to-volume ratio, the application for heavy
metal adsorption, among others, should be considered. Nev-
ertheless, the extraction methods applied are still not envi-
ronmentally friendly, as strong acids, such as NaClO, HCI
or H,SO,, are frequently in use. Hence, the production of
a valuable by-product, such as silica microparticles from
pineapple biomass, should encourage efforts to improve
extraction methods dealing with biomass removal in a more
environmentally friendly manner [58].

6 Energy

Besides the previously mentioned material-based applica-
tions for pineapple by-products, waste-to-energy is another
important issue, as the sustainable generation of energy is a
global concern. A general review from Kothari et al. tackles
the waste-to-energy routes, focusing not solely on agricul-
tural waste types, but also municipal waste, among others
[60]. Many countries like Poland, Greece and Malaysia
obtain electricity from garbage [61]. It has been estimated
that in 2010 Malaysia produced a total of 2.20 x 10° kWh
of electricity, representing 219.5 million US$ [61]. In com-
parison, the Costa Rican government made a voluntary com-
mitment in 2007 of becoming a carbon—neutral country by
2021. To achieve this objective, in 2012 the country devel-
oped the first national carbon neutrality program, which
was officially announced in 2018 as the carbon neutrality
national plan 2.0 (PPCN). This plan includes several lines of
action, ranging from transportation, energy, and construction
to waste management, and agriculture. Biorefinery becomes
a key aspect in the achievement of the governmental goals
[62]. Besides the exploration of renewable energy sources,
also alternatives for agricultural waste management are of
utmost importance [63, 64]. The PPCN established an action
plan toward reaching 1.19 metric tons of emission by 2050.
Furthermore, between 2012 and April 2019, the participat-
ing organizations saved 224,000 tons of CO, emissions,
improving the savings until 2030 by 170,500 tons per year
[62, 64]. Therefore, lignocellulosic agricultural waste could
be an attractive option as an alternative for a greener source
of energy. The use of agricultural waste in the production of
energy has the advantage of not competing with food source,
thus, it helps mitigating the environmental impact of large
scale agriculture. Most of the agricultural activity is carried
out by rural communities, which represents another option
for local development, in addition to reducing greenhouse
gases by substituting fossil fuels. In order to allow an appro-
priate use of these residues, an energetic characterization
must be conducted.

This characterization of biomass allows an evaluation of
the materials as alternative sources of energy, throughout

@ Springer

different processes as: pyrolysis, combustion, gasification,
and fermentation. In 2015, a research group from Brazil dis-
played that pineapple crowns have better energetic properties
than elephant grass, rice husk, and sugarcane bagasse. The
results also indicated a better suitability for thermodynamic
processes, such as pyrolysis, combustion, or gasification due
to its elevated volatile matter (84.93%), high heating value
(18.9 MJ/kg), bulk density (420.8 kg/m3), and a low fixed
carbon and ash content [65].

Several studies, worldwide, report the use of pineapple
biomass as an alternative for energy production, either via
production of bioethanol, hydrogen, or biogas. A study con-
ducted by Mund and coworkers reported the use of pineapple
leaf waste as carbon source to produce biofuels. The study
proved up to 43% glucose by digestion with cellulases on
non-pretreated substrate. Including different pretreatment
methods the glucose concentration increased up to 84% after
72 h incubation, leading to a theoretical ethanol yield of
212 L from 1 ton of dry leaf biomass, when assuming 100%
conversion of glucose to ethanol [66].

Bioethanol can also be produced by sonication of pine-
apple peel as proven from Casabar et al. When applying
Trichoderma harzanium a final ethanol concentration of 25%
(v/v) was determined [67].

Varying the microorganism, fermentation medium and
time can lead to the achievement of different products. As
demonstrated by Choonut et al., Saccharomyces cerevisiae
is a promising candidate for ethanol production with a yield
of 9.69 g/L, when fermented on pineapple peel [68]. In com-
parison, Enterobacter aerogenes was applied for ethanol and
hydrogen production, where hydrogen is applicable as an
alternative fuel. Productivities of the just mentioned process

10 50(SEI

0000

Fig.2 SEM image from silica particles obtained from pineapple peel
[58]. Unmodified from published work by Corrales-Urefia Y.R., Vil-
lalobos-Bermidez C., Pereira R., Camacho M., Estrada E., Argiiello-
Miranda O. and Vega-Baudrit J. CC BY 4.0
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were 1.38 g/L ethanol and 1.416 mL/L hydrogen after 72 and
12 h of cultivation, respectively [68].

Besides ethanol and hydrogen production, countries
like Thailand have explored the production of biogas from
several agricultural products, among them also pineapple
peels. According to the study carried out by Paepatung and
coworkers, a maximum specific methane production rate of
36.77 mL/d was achieved, when the inoculum, which was
taken from an anaerobic digester of a pig farm, was mixed
with pineapple peel as substrate. The biodigestibility was
tested over a period of 90 days. The estimated fuel oil that
could be replaced by this alternative energy source corre-
sponds to 17 million liters per year [69].

Costa Rica is the leading producer of fresh pineapples
worldwide, as a consequence, several research projects have
been conducted to find alternative applications of pineapple
residues [70]. In 2014, the National Institute of Electricity
of Costa Rica (ICE; from its acronym in Spanish), worked
on a project in which pineapple residues were transformed
into biogas to determine savings for co-generated produc-
tion plants. The most promising approach was the fermen-
tation of chopped pineapple stubble, which lead to 25.7
m? of biogas per ton of substrate, with 52% (v/v) methane
composition. In comparison with other substrates for biogas
production, pineapple stubble is more difficult to process
and contains less energy. Nevertheless, the produced biogas
can be further used to feed an electric co-generator, which
results in annual savings of more than 200.000 US$ in
power production for a pineapple processing plant, without
mentioning the positive environmental impact that this ini-
tiative would have [71]. Unfortunately, this project is cur-
rently on standby.

A recent paper published by Chen et al. demonstrates a
holistic valorization of pineapple plant residues, resulting
in the production of value-added protein, renewable energy,
and fibrous material. The pineapple plant residue is treated
mechanically with an extruder to generate juice and fiber.
Fibrous pulp can be applied elsewhere, whereas the juice is
further fermented using Kluyveromyces marxianus ATCC
12,424, to produce ethanol and spent yeast proteins. Over-
all the energy balance is mentioned to achieve a positive
net energy output of 216 GJ per hectare including 112 GJ
biofuel [26]. This demonstrates the applicability of a ben-
eficial biorefinery concept proving promising opportunities
for valorization of agroindustrial residues.

7 Conclusion of pineapple biorefinery
concepts

Pineapple production brings up a considerable amount of
waste that needs to be treated. Various studies are already
published showing the great potential of valorizing waste

residues by biorefinery processes. However, based on the
varying chemical composition of the pineapple waste, due
to the environmental impact, valorization processes are chal-
lenging to design.

For competition with conventional production processes,
the utilization of agro-residues, such as pineapple by-prod-
ucts, still must overcome some limitations. A techno-eco-
nomic feasibility study of Banerjee et al. proves the fea-
sibility of pineapple processing waste biorefinery under
specific circumstances [72]. To further improve the viabil-
ity of biorefineries, the development of progressing tech-
nologies for more efficient pretreatment processes, as well
as improved enzymatic hydrolysis processes, is of utmost
importance. Furthermore, optimal fermentation conditions
and a better utilization of pentoses and hexoses (hydrolyzed
hemicellulose) must be achieved. Moreover, so far, all pro-
cesses have to be tailor-made for each residue [73].

Despite this, the application of processed biowaste is exten-
sive, especially as processing of several target products could be
combined, such as fine chemicals and energy production [72],
aiming for a circular economy approach. Previous studies have
already shown the potential of combining industrial-scale pro-
duction of dried pineapple slices with reusability of processed
waste for fertilizing applications, leading to a reduced consump-
tion of fossil fuels, when utilizing digestion heat for product
drying [74]. Moreover an integrated biorefinery approach using
fresh pineapple processing waste was studied by Banerjee et al.
leading to a promising approach for complete utilization of by-
products resulting from pineapple processing [75]. Neverthe-
less, techno-economic studies still have to be performed. These
combined approaches leading to full utilization of agricultural
waste and newly generated by-products are highly interesting,
to support SDG goals in terms of responsible consumption and
production, as well as affordable and clean energy.

Further valorization possibilities that should be studied in
terms of techno-economic feasibility as a circular economy
approach range from animal feedstock, where even an improved
milk production for cows was observed, over fine chemicals,
such as vanillin, tetracycline antibiotics and silica nanopatrticles,
toward energy production in the form of bioethanol, hydrogen,
and biogas. Further applications of pineapple waste were excel-
lently summarized by Vieira et al. [76] and Banerjee et al. [52].

Still, more research is needed to find economic alternatives
for further treatment of the generated biowaste and replace
burning and dumping of residuals as a standard method for
dealing with waste materials. When expanding the valoriza-
tion of pineapple waste toward food or feed supplements, stud-
ies about enrichment of agricultural fertilizer and its impact on
human and animal organisms must be key aspects to examine.

Despite the available research, only few industries have been
developed using pineapple waste. Two examples can be men-
tioned: Biomé enzyme technology, located in Liberia, Guan-
acaste (Costa Rica) extracts bromelain out of pineapple waste [77].
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Another German-based company, Eco:fibre, extracts pulp out of
pineapple waste for further processing in the paper industry [78].

In general, biomass represents a vital economic resource
in Costa Rica; the diversity and the volume of agricultural
biomass produced in the country opens up a diversity of
opportunities for developing new and sustainable industries.

8 Sugarcane biowaste revalorization

According to FAOSTAT [24], in 2019, the annual world pro-
duction of sugarcane was nearly 1950 MT with a yield of 73
t/ha. The same year, Costa Rica produced 4,421,210 tons of
sugarcane from 62,630 ha, which is equivalent to 0.23% of
the world’s production for that year. When comparing har-
vest areas of various crops in Costa Rica, sugarcane belongs
to the five most cultivated crops of the country in 2014 [15].

Sugarcane is a perennial plant growing in tropical and
subtropical regions. One plant can be harvested for several
years, but with decreasing yields [79]. Bagasse is the solid
residue remaining after the extraction of the sugarcane juice
from the sugarcane plant. Another main residue of the sugar-
cane crop are the leaves, named straw, which are left to dry
out and, generally, are burnt in the fields.

Each ton of sugarcane generates 280 kg of humid bagasse
(about 140 kg of dry bagasse) and 250 kg of dry leaves [23].
Therefore, the amount of dry bagasse produced in 2019 in Costa
Rica was approximately 620,000 tons and the amount of dry
post-harvest leaves and trash left in the fields was near 1.1 MT.

Bagasse has a 46-52% moisture content [80] and its compo-
sition in dry format is very variable: 30-52% cellulose, 25-35%
hemicellulose, 10-26% lignin and 2.5-23% ash [23, 81-83].
The low ash content, as compared to rice straw (17.5%) or
wheat straw (11%) is an advantage for using it among biocon-
version processes [23, 81]. The dry leaves tend to have about
8% less cellulose and 10% more lignin [23].

9 Sugarcane agroindustrial waste handling

Sugarcane is mainly left on the fields to dry out and burn, nev-
ertheless, also studies about sugarcane leaves and straw as a
source of bioenergy were recently published [84]. In comparison,
bagasse has a broad spectrum of uses. Most commonly, bagasse
is burnt for generation of heat, steam, or electricity. Furthermore,
utilization of fiber to produce pulp, paper, and composite mate-
rial, as well as application in the field of bioconversion are typical
forms of exploitation as shown exemplarily in Fig. 3.
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10 Energy generation from sugarcane
harvest residues

Bagasse amounts to one-third of the cane ground. Due to its
high combustibility, it is mainly used as captive fuel in sugar
factories [85], where almost 50% of the total bagasse are utilized
as potential energy source [81]. As a result, many sugar mills
are linked to ethanol distilleries, or upgraded with cogeneration
facilities to re-utilize leftover residues [86].

In 2013, Dantas et al. published a study about the cost of
energy generation from bagasse in Brazil [87]. The equivalent
annual cost per unit energy of the most used alternatives were
compared: Rankine cycle engine, biomass integrated gasifi-
cation (gas turbine combined cycle), and biochemical route
for ethanol production. The rankine cycle engine connects
the burning of fuel, in this case sugarcane bagasse, to finally
produce energy via steam generation; with this technique sug-
arcane processing mills can cover their own energy require-
ments [88]. According to Dantas et al. the equivalent annual
cost per unit energy of the routes via biomass integrated gasi-
fication (37.74 US$/GJ) and fermentative route for ethanol
production (34.70 US$/GJ) nearly double the price of Rankine
cycle engine (19.72 US$/GJ). Also, in a projected scenario for
2030, including a cost reduction of 20 — 30% for biochemical
and biomass integrated routes due to emerging technologies,
still the Rankine cycle engine was greatly favored [87].

Go and Conag studied the potential of sugarcane waste
leaves and bagasse to produce energy assuming total com-
bustion and use of the heat to produce electricity via tur-
bine [84]. The amount of heat produced from leaves and
straw only (17.48 +0.82 MJ/kg) adds up to 59.9 +1.3 PJ of
energy per year, amounting to approximately 5.9 TW/h, at
36% plant efficiency.

In 2016, Santos et al. compared the main technological
routes to make electricity and chemicals from bagasse in
Brazil [89]. They studied four thermochemical routes (bio-
mass integrated gasification combined cycles for electric-
ity, biomass to liquid for obtaining dimethyl ether as a fuel
for electricity burning, biomass to liquid for obtaining Fis-
cher—Tropsch liquids for electricity or blending with gaso-
line or diesel, and biomass to liquid for obtaining ethanol
and higher alcohols for electricity, blending fuels or other
uses) and two biochemical routes (hydrolysis and fermenta-
tion to ethanol, and production of bio-platform molecule
succinic acid as an alternative route instead of the petro-
chemical pathway), to prove sugarcane bagasse competitive
beyond the electricity and thermal generation. Solely the
synthesis of succinic acid led to a minimum selling price
(0.57 US$/kg) lower than for comparable reference prices
(2.03 US$/kg). For the biochemical route to produce ethanol
the minimum selling price (0.41 US$/L) was slightly higher
than the comparable reference price (0.36 US$/L). Hence,
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simultaneous biochemical production of electricity and etha-
nol, or electricity and succinic acid is prospective, as long as
technologies improve further [89].

Arshad and Ahmed revised the bagasse cogeneration,
referring to the production of electricity and heat energy
simultaneously, in Pakistan. Currently, this approach is
already established in Brazil and India and could be imple-
mented elsewhere. Nevertheless, an accurate forecast of
electricity prices is required to evaluate the potential savings
from cogeneration [90], which is also mentioned as one of
the major hurdles to the adoption of circular economy in the
Brazilian sugarcane ethanol sector [91].

Gasification is another alternative to combustion due to
its high efficiency, nevertheless, for any type of gasifier, an
adequate bagasse pretreatment must be selected. In South
Africa, Anukam et al. investigated several pretreatments of
sugarcane bagasse for gasification in a downdraft biomass
gasifier [92]. Contemplated methods were size reduction,
drying, pelletizing, briquetting and torrefaction finding
the last, the most efficient method. It was recommended to
reproduce this study for other gasification technologies [92].

In summary, burning of residues is an efficient way to
cover energy and heat consumption of the factory, neverthe-
less the key aspect of saving potential through electricity
generation is based on the forecast of electrical prices over
the next several years [90].

Fig.3 Sugarcane bagasse
valorization possibilities.
White rectangles: biowaste.
Rectangles: processes. Green
curved rectangles: value-added
products. Italics: Discussed in
this review

11 Utilization of fibers

Due to its fibrous nature, one of the highest revenue earners
in the global sugarcane industry is pulp and paper industry,
where 2-5% of bagasse are used for global production of
pulp and paper products [93]. Bagasse is used to produce
four major types of paper with both chemical and mechani-
cal pulping processes. However, one of the main drawbacks
of its use is the pith content, since it blocks the pores of the
paper mat and reduces its final quality. Chemical bagasse
pulp, as compared to hardwood pulps, tends to have poorer
draining capacity due to the pith and lower burst, tear and
tensile strength [93].

Other promising applications of sugarcane fibers are the
composition of sugarcane fiber cellulose, tapioca starch and
glycerol for production of disposable food packaging. It is
suggested to improve the necessary properties, such as hydro-
phobicity, for the desired application, in upcoming studies
[94]. A similar approach to replace petroleum-based poly-
mers was followed by Jumaidin et al., where starch-based
polymers were used as the basis to produce biodegradable
polymers. Those biopolymers tend to have poor mechanical
properties, where sugarcane fiber can be used for reinforce-
ment to produce bio-based composite material. The appli-
cation of sugarcane fiber led to a reduced water uptake and
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decreased swelling. Additionally, the water solubility of the
produced composite decreased, leading to a stable green pack-
aging material [95]. In addition, nanocellulose-based foams in
packaging applications [96], as an alternative to polystyrene-
based foams are prospective. Different composite materials
were also produced out of sugarcane bagasse and straw ashes,
that were used as cement replacement and pozzolanic additive
[97]. Furthermore, the major inorganic component of the ash
is Si0,, which can be further utilized as building material for
several other applications, such as silicate compositions or
components in glass ceramic products [98]. Possible applica-
tions in bio-nanocomposites for replacement of glass-fiber-
reinforced polymer composites are proposed. A more detailed
overview about bagasse composites is given in the review by
Wei Xiong [99].

Besides, fibers of sugarcane bagasse bare great potential
as low-cost biosorbent for the removal of hazardous materi-
als or wastewater treatment. Due to the multiplicity of com-
ponents available in sugarcane bagasse, there are several
functional groups, such as hydroxy-, carboxy-, carbonyl or
amine groups, enabling to attract and bind different polluting
or hazardous substances [100]. An important improvement
of adsorptive capacity can be achieved using bagasse cellu-
lose nanocrystals due to their high increase in dispersibility
and augmented chemical and physical interaction with the
adsorbates [101]. A mild pretreatment process for produc-
tion of nanocellulose particles from sugarcane bagasse was
published by Ramesh et al. while combining chemical and
biochemical routes at a final yield of approximately 34% and
an average particle size of 401 nm [102].

For more details, Sarker et al. published an excellent
review about sugarcane bagasse as low-cost biosorbent in
2017 [100].

Apart from fiber re-valorization, there are even more
promising processes in development, as demonstrated in the
subsequent biorefinery possibilities for sugarcane bagasse.

12 Biorefinery approach

The bioconversion of bagasse shows an ample variety
of applications such as single-cell protein production
for enriched animal feed, fermentation for production of
mainstream chemicals (e.g., alcohol, lactate) or fine and
specialty chemicals (e.g., alkaloids) and enzymes (e.g.,
cellulases, laccases, xylanase) [81, 103—105]. According
to Pandey et al. [81] differences in the bioprocess tech-
nique have to be made, as there are two groups: liquid
fermentation, also called submerged fermentation, and
solid-state fermentation. Furthermore, liquid fermentation
can be divided into two groups. One using whole bagasse
as the substrate, the other applying hydrolyzed bagasse
as substrate, where the latter is a lot more frequently
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applied. Solid-state fermentation is further divided into
using bagasse as a carbon source and applying bagasse
as inert solid support. All the just mentioned techniques
are revised in the following sections, while different pre-
treatment procedures have a massive impact on the final
fermentation yields. A quick overview is given in the fol-
lowing, for more detailed literature about pretreatment
methods for lignocellulosic material, reviews from Sun
et al. [106], Hassan et al. [107] and Yin et al. [108], among
others, are recommended.

13 Bagasse pretreatment

To improve bagasse digestibility, a pretreatment is required
to favor the fractionation of its components and open the
cellulose structure [81, 103]. A pretreatment method should
have low cost, avoid the need for particle size reduction, pre-
serve hemicelluloses, and restrict the formation of degrada-
tion products and fermentation inhibitors [82, 103]. Studies
with Aspergillus clavatus proved, that depending on the type
of pretreatment, the composition of bagasse is varying sig-
nificantly. This change has a large impact on the expressed
enzymes (e.g., holocellulases and pectinases) in a subse-
quent fermentation process, to enable bioconversion [109].

Generally, acid hydrolysis of lignocellulosic substrates
degrades the hemicellulose fraction into a variety of sugar
monomers, in comparison, alkaline pretreatment and bio-
delignification methods remove lignin, leaving cellulose and
hemicellulose [23]. Delignification and break down of the
lignocellulose structure constitute the main aim of bagasse
pretreatments; however, extraction and recovery of lignin
from sugarcane bagasse is important to enhance economic
recovery and environmental friendliness.

Although, alkaline delignification has been used with
different approaches, a simple sequential process involv-
ing (a) grinding, (b) hot water pretreatment for two hours
at 70-80 °C with a ratio of 1:10 solid/liquid; (c) pulping
with 15% NaOH (w/v) with a ratio of 1:10 (solid:liquid) for
1.5-4 h at 90-98 °C followed by (d) lignin precipitation by
acidification have rendered the best extraction of lignin (up
to 13% by weight, rendering an 86% lignin yield) at rela-
tively low cost and high yield [110].

On the other hand, Nath et al. reported the pretreatment
of sugarcane bagasse with 1% (w/v) NaOH at 50 °C for 2 h
followed by phosphoric acid-acetone, delignification reaches
83% and the cellulose recovery is of 66%, aiming addition-
ally high enzymatic digestibility of cellulose [111]. Alkaline
sulfite pretreatment at 140 °C for 30 min has been shown quite
efficient to remove more than 70% of the total lignin con-
tent and render a delignified material that responds to enzy-
matic hydrolysis of cellulose and xylan as to reach up to 90%
conversion [112]. In comparison, high-boiling solvents can
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achieve delignification of more than 60% in 90 min at 190 °C
[113], whereas Lima et al. focused on ozone treatment of sug-
arcane bagasse with subsequent alkaline extraction, aiming
72% lignin removal after 120 min of pretreatment [114].

Besides alkaline pretreatment, Pin et al. compared eleven
different ionic liquids, finding acetate ions most efficient
due to its alkaline character [115]. Bagasse pretreated with
the ionic liquid [Me(NH,)(CH,),OH][OAc] showed the
best performance in enzymatic hydrolysis, yielding 72%
glucose after 3 h at 160 °C [115]. Liang et al. additionally
reported a high efficiency recovery of the ionic liquids, spe-
cifically, 1-ethyl-3-methylimidazolium hydrogen sulfate,
while achieving up to 64% of delignification. Recycling of
the ionic liquids is performed by ultrafiltration and bipo-
lar membrane electrodialysis with a recovery ratio of 94%
which promotes the green solvent strategies [116].

Besides physical and chemical pretreatment methods,
also ligninolytic enzymes are exploited as an alternative
method. Lignin is typically mentioned as one major inhibitor
of enzymatic hydrolysis and usually accumulates through-
out the process, as it is not broken down by cellulases [117].
The major lignin degrading enzymes are lignin peroxidase,
manganese-dependent peroxidase, versatile peroxidase and
laccase; however, lignin biodegradation is enhanced by the
presence of other enzymes such as glyoxal oxidase, aryl alco-
hol oxidase, pyranose 2-oxidase, cellobiose/quinone oxidore-
ductase and cellobiose dehydrogenase [118]. According to
Wong, in nature, only basidiomyceteous white-rot fungi are
able to degrade lignin efficiently [118]. Matei and coworkers
performed bagasse delignification for 48 h at 28 °C, using lac-
cases from different basidiomycetes species (Trametes villosa
among others). Subsequently a standardized saccharification
was carried out, proving enzymatic delignification as a prom-
ising and eco-friendly pretreatment method [119].

Overall, in a pretreatment process of sugarcane bagasse,
lignin must be removed, but this stream does not have to be
wasted. As the removal of lignin has significant influence on the
further application possibilities, several different methods should
be considered. Technical lignin, for example, is commonly pro-
duced at industrial scale as residue of the pulp and paper indus-
try, where typical applications of lignin are bricks, reinforcement
fibers, or combustion to steam, heat or power [120].

Although there is great interest in applying lignin in func-
tional food products, cosmetics and pharmaceuticals, there
are challenges arising in regard of safe use, as e.g., differing
biorefinery processes lead to different forms of purity of
the final lignin product. A review tackling potential applica-
tions of lignin in food and pharmaceutical was published by
Gil-Chavez et al. [120]. Nonetheless, novel and harmless
pretreatment methods have to be developed, one way to go
might be the biological bagasse pretreatment.

14 Bagasse hydrolysis

As mentioned earlier, hydrolysis of lignocellulosic substrates
degrades the hemicellulose fraction into a variety of sugar mon-
omers, which is crucial for subsequent fermentation processes.
Nevertheless, not just acid hydrolysis is possible, but many
other types of hydrolysis will be contemplated in the following.

Organic acid pretreatments have been successfully used
in recent studies, Dai et al. used 3% furoic acid in a pretreat-
ment method to degrade the lignocellulosic structure in sug-
arcane bagasse, with the advantage that the furoic acid can
be easily recycled by cooling and crystallization [121]. The
final yield was 120 g of xylooligosaccharides and 335 g glu-
cose from 1000 g sugarcane bagasse. Using a pretreatment
with 0.1 M maleic acid, Liu et al. reached a final recovery
of 199 g xylose and 310 g glucose with only 3.7 g of fur-
fural generated per 1000 g of wheat straw [122]; a promising
pretreatment to be tested with sugarcane bagasse, as well.
Also, use of formic acid and choline chloride in the presence
of Tween 80 for the pretreatment of bagasse at relatively
low temperature (110 °C for 120 min) resulted in almost
complete extraction of hemicellulose (about 95.6%) and a
large amount of lignin (about 72.6%) rendering a pretreated
residue more susceptible to enzymatic hydrolysis [123].

Adsul et al. applied steam explosion on delignified bagasse
with subsequent bleaching. The substrate was further treated
with cellulases for a final hydrolytic efficiency (HE) of 94.6%
[124]. Similar enzymatic hydrolytic efficiencies have been
achieved on bagasse pretreated with N-methylmorpholine
N-oxide to dissolve the cellulose (95% HE) [125], NaOH
and peracetic acid (92% HE) [126], or SO, catalyzed steam
pretreatment (92% HE) [127]. In regard of dry pretreatments,
the applied chemicals are listed in decreasing order of effi-
ciency: NaOH, Ca(OH),, NH,OH and H,0O, [128].

Sharma et al. developed a combinatorial pretreatment based
on ultrasonic irradiation and application of deep eutectic sol-
vent by evaluation of reducing sugar yields. The comparison
of seven different deep eutectic solvents, with the favorite
being choline chloride/glycerol, was finalized by determina-
tion of optimal parameters such as biomass loading (5.72%
w/w), sonication amplitude (60%) and time (7.79 min), yield-
ing 1.12-fold enhanced sugar yield (312 mg/g) by DoE-based
optimization [129].

In comparison Visser et al. studied enzymatic hydrolysis
on partially delignified sugarcane bagasse, focussing on an
enzyme blend containing FPase, endoglucanase, xylanase
and p-glucosidase in batch and fed-batch processes. Recy-
cling of insoluble fractions enabled a reutilization of a sig-
nificant amount of enzymes, however, through recycling of
the solid fraction, the lignin content increased, which in this
case had no negative effect on enzymatic hydrolysis [130].
Enzymatic cocktails from varied microbial sources have
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been studied for the saccharification of pretreated bagasse.
Mixtures containing basic cellulase complex enzymes as
well as auxiliary xylanases and other hemicellulase, and
pectinase were evaluated at varied individual ratios depend-
ing on the bagasse pretreatment [131]. In addition to the
regularly used enzyme cocktails of lytic polysaccharide
monooxygenases, that promote lignin oxidation, boosted
the saccharification of recalcitrant cellulose [132].

More examples for enzymatic hydrolysis are demonstrated
with subsequent fermentation in the following chapters.

15 Liquid fermentation of bagasse

The main raw material for ethanol production from sugar
mills is black strap molasses, but sugarcane bagasse may
be an alternate source. Using lignocelluloses requires high
energy input for pretreatment [133]. So far, bagasse itself
is not easily saccharifiable and fermentable, however, its
hydrolysates were already studied as sources of ferment-
able sugars. Bagasse hydrolysates mainly consist of xylose,
glucose, mannose, arabinose and galactose. Nonetheless,
also inhibitory by-products might be present that should be
removed by treatment of the hydrolysate [81].

A study comparing cellulase and biomass production by
Trichoderma reesei QM-9414 on pretreated bagasse and
on Avicel (microcrystalline cellulose) was performed by
Aiello et al. and showed highest biomass yield (0.78 g/g
cellulose) with alkali-treated bagasse at room temperature,
followed by Avicel (0.67 g/g), untreated bagasse (0.57 g/g)
and alkali-treated bagasse at 100 °C (0.50 g/g). However,
enzyme activity was highest in the Avicel culture (0.163 U/
mL), followed by alkali-treated bagasse at room tempera-
ture (0.090 IU/mL) and untreated bagasse (0.087 IU/mL).
There was no evidence of cellulase activity for alkali-treated
bagasse at 100 °C [134].

Another promising technology for bagasse fermentation is
presented by Paz-Cedeno et al. [135], using alkali pretreated
sugarcane bagasse for further hydrolysis by covalently immo-
bilized commercial cellulase and xylanase on magnetic gra-
phene oxide particles. Finally, 72% of conversion of cellulose
to glucose during the first cycle (24 h) was achieved. Reus-
ability studies showed only 27% conversion after 6 cycles, for
hydrolysis of cellulose, whereas the hydrolysis of xylan was
96% in the first cycle, decreasing to 78% after the third cycle.

Lima et al. report that alkaline treatment of bagasse (0.4%
NaOH, 70 °C, 3 h) followed by an acid pretreatment with
sulfuric acid (0.5% (v/v), 140 °C, 15 min) improves the etha-
nol production using S. passalidarum due to the deacetyla-
tion of hemicellulose [136].

In comparison, Yu et al. extracted hemicelluloses from
sugarcane bagasse by autoclaving 5% bagasse in water at
4 MPa, at 180 °C for 20 min. The extracted volume was

@ Springer

reduced and saccharified in 4% sulfuric acid at 121 °C for
1 h, or by using 54 U/mL of xylanase at 50 °C for 24 h.
Afterwards, it was detoxified with anionic exchange resins.
The hydrolysate was fermented with Pichia stipitis to pro-
duce ethanol. The xylanase treated hydrolysate showed a
high ethanol productivity of 0.066 g/L/h [137]. Le Khuong
et al. studied the effect of chemical factors on fungal fermen-
tation of sugarcane bagasse by Phlebia sp. MG-60 result-
ing in a strong influence of initial moisture [138]. Highest
ethanol yield achieved was 44%, with further optimization
by additives being prospective. Whereas Ong and coworkers
applied a Yarrowia lipolytica strain for co-fermentation of
glucose and xylose yielding 0.35 g/g glucose and 0.15 g/g
xylose with a final conversion to succinic acid instead of
ethanol [139].

Naturally occurring microorganisms prefer convert-
ing glucose first, in some cases also xylose after glucose
depletion. Nonetheless, genetically modified organisms or
mixed cultures are a great tool to convert both sugars [133].
Martin et al. published the application of a genetically engi-
neered xylose-utilizing strain of Saccharomyces cerevisiae,
adapted to sugarcane bagasse hydrolysis. The cultivation
during 353 h with increasing concentration of inhibitors led
to an improved performance in regard of ethanol produc-
tion. Xylose was reduced from 11 g/L to 5.2 g/L, while the
ethanol yield after 24 h of fermentation increased to 0.38 g/g
and the specific ethanol productivity was reported as 2.55 g
ethanol per g of initial biomass per h [140].

Another engineered strain was applied by Amoah et al.,
using an engineered xylose assimilating Saccharomyces cer-
evisiae strain for co-fermentation of xylose and glucose in
ionic liquid to ethanol resulting in the highest saccharifica-
tion efficiency of 0.7 g/L xylose and 2.3 g/L glucose in pres-
ence of ionic liquids. Additionally, the final ethanol yield
increased to 84% [141]. Also, natural sugarcane bagasse was
used as inoculum for anaerobic thermophilic dark fermenta-
tion of sugarcane bagasse. After 60 days, the fermentation
reached a constant production of hydrogen at varying pro-
duction yields of up to 1.2 mol H,/g substrate. Changing
yields were attributed to varying metabolite composition and
the effect of substrate pretreatment. The consortium respon-
sible for degradation was a mixture of microorganisms of the
phyla Firmicutes, Bacteroidetes and Actinobacteria, with
cellulolytic organisms of the genera Clostridium and Tepi-
dimicrobium being predominant [142].

Generally, it is difficult to compare the efficiency and pro-
ductivity of the different fermentation studies of bagasse
hydrolysates, as the hydrolysate composition shows a large
variation in pentose and glucose contents, maybe as the
result of the variation of the bagasse composition as well
as the differences in the hydrolytic processes. There is also
high variation in the microorganisms used, and the amount
applied, as well as the fermentation technique used. Finally,
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ethanol production is reported using different criteria and
units, while some report a final concentration (g ethanol/L),
others report a direct yield (g ethanol/g carbohydrate) or a
productivity (g ethanol/g biomass).

In a review published by Bezerra and Ragauskas an
overview of various bagasse pretreatments with subsequent
division in separate hydrolysis and fermentation (SHF) vs.
simultaneous saccharification and fermentation (SSF) was
given, where final ethanol yields range from 40.8-46.6 g/L
in SHF and 31.6-37.2 g/L in SSF [143]. When comparing
to our previously referenced publications, mostly SHF is
applied [111, 114, 117, 129], whereas SSF [125] finds lower
interest, so far. In the SHF process, temperatures for hydroly-
sis and fermentation are optimized independently, result-
ing in lower enzyme amounts needed, compared to the SSF
approach. Nevertheless, the SSF approach finds significant
advantages, as well, as the saccharification and fermentation
is carried out in just one fermenter, without any purification
processes in between, hence the capital cost is lower [144].

Besides ethanol, there are many more products yielding
from sugarcane bagasse. Some of the before mentioned ref-
erences also not solely target increased ethanol yields, but
different routes of re-valorization, such as hydrogen [142],
cellulase [134], laccase [119], or succinic acid [139] pro-
duction. Further possibilities are lactic acid [145], mosquito
pathogenic [146], biochar [147], xylitol [148] production,
among many others.

16 Solid fermentation of bagasse

Bagasse is also used, to produce animal feed by solid state
fermentation, employing Basidiomycetes. An inoculum
of Polyporus sp. grown in salt medium on bagasse pow-
ders, applied at a high ratio of inoculum/substrate (1.0/1.5
(v/w)) at pH 5.5 rendered a product enriched in protein and
reduced lignin content, presenting a good source of animal
feed [149]. Besides the production of animal feed, also
enzymes can be produced by solid fermentation processes
from bagasse [150]. For instance, Buenrostro-Figueroa et al.
produced ellagitannase, a novel enzyme responsible for bio-
degradation of ellagitannins and ellagic acid, by Aspergillus
niger, using sugarcane bagasse as a matrix support [151].
Laccase production over sugarcane bagasse by Pleurotus
ostreatus has been optimized by Karp et al. Those studies
determined major influences of the substrate composition
on the production of laccases resulting in large affects by
nitrogen, copper sulfate and ferulic acid content [152]. They
developed a statistical model that predicted the highest lac-
case activity (161.3 U/g of sugarcane bagasse); however,
experimentally, the maximum activity was 151.6 U/g under
the optimized conditions the model suggested. In compari-
son, a process for cellulase production via Trichoderma

koningii, Rhizomucor sp. and Penicillum sp. was developed
by Salomao et al., comparing different pretreatment methods
for natural sugarcane bagasse. Highest cellulase production
was reported for T. koningii on non-pretreated sugarcane
bagasse, resulting in 8.2 U/g of substrate [153]. Additionally,
cellulase production has been broadly studied using Tricho-
derma sp., Penicillium sp., Cellulomonas sp. and Candida
sp. as well as mixed cultures [103, 154]. Loureiro dos Reis
et al. optimized a solid-state fermentation using bagasse
as carbon source [155]. The bagasse was inoculated with
Metarhizium anisopliae to produce chitinase and determine
the effect of temperature, moisture and chitin mass in the
chitinase production.

Soares et al. even used fermented solids from sugarcane
bagasse, which was obtained by application of Burkholderia
cepacia, for esterification of fatty acids with ethanol in a subse-
quent closed-loop batch reactor. This hydroesterification reac-
tion is a promising technology for the production of biodiesel
from agroindustrial residues [156]. Fine chemical production
by solid-state fermentation on sugarcane bagasse is published
by Yadegary et al. producing 75.45 g citric acid per kg of
untreated sugarcane bagasse, or 97.81 g/kg and 87.32 g/kg on
sodium hydroxide and acid pretreated sugarcane bagasse [157].

17 Bagasse as an inert substrate

Solid-state fermentation with sugarcane bagasse as support
for production of L-asparaginase by Aspergillus terreus was
reported by Muso Cachumba et al. A horizontal column
reactor filled with a mixture of dry bagasse and Czapek-Dox
medium containing a nitrogen source (0.44% w/v of aspara-
gine and 1.14% w/v of glutamine) and 0.54% w/v of starch
as carbon source was applied [158]. The resulting activity
of extracellular L-asparaginase was 105.3 U/L, making it a
promising model for large scale production. Nevertheless,
typical drawbacks of solid-state fermentation, such as dif-
ficulty in controlling the amount of oxygen, microorganism
concentration and the compaction degree of the support are
still unsolved.

Another scope of utilizing sugarcane bagasse is its applica-
tion as immobilization support. This was successfully demon-
strated by Liu et al. for immobilization of Bacillus pumilus HZ-2
for production of the bioremediation product mesotrione [159].

John et al. produced L-lactic acid from hydrolyzed cas-
sava bagasse, using sugarcane bagasse as inert solid support
in solid-state fermentation. A maximum of 249 mg L-lactic
acid per gram of dry fermented matter was obtained after
5 days fermentation with Lactobacillus delbrueckii [160].

Overall, this type of application for sugarcane bagasse is
rather scarce, nevertheless, to complete the whole biorefin-
ery approach, it is not neglectable.
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18 Conclusion of sugarcane biorefinery
concepts

Traditionally, bagasse has been used in the industry as fuel
for boilers, what means that there are no remnants for the
sector. In some countries, it is used for the generation of
electricity. So far, the most sustainable type of sugar mills
is a combination of a sugar mill and biorefinery, produc-
ing both sugar and ethanol [161], while utilizing steam
and power generation from bagasse [162]. Nevertheless
the reuse of side streams, such as bagasse, that has a bio-
technological potential as carbon source for fermentation
processes, or the production of even higher-value added
products, compared to ethanol, are still pending and bear
great potential [89, 163, 164].

However, the biggest challenge is the lack of an effec-
tive method to hydrolyze the polysaccharides present in
the bagasse. To make bagasse more suitable as a sub-
strate for biotechnological processes, researchers need to
find better cost-effective procedures hydrolyze cellulose,
hemicellulose and lignin, in order to achieve an enhanced
accessibility of sugars or transform it into high-valued
chemical compounds to cover the costs of the hydrolysis of
the polysaccharides. A potential market for lignin already
exists, as few companies, such as LignoPure (Hamburg,
Germany), deal with applicability of lignin in everyday
life. Taking advantage of such industries, hence, enabling
a holistic approach for sugarcane residue revalorization,
should also push research to enable the technology devel-
opment needed.

To close the cycle of agroindustrial waste from sugarcane,
also harvesting residues, left over in the fields, have to be
considered, nevertheless, these parts are mostly considered
as fertilizer [164]. In summary, sugarcane bagasse is not an
available residue but a by-product, mostly being used as an
energy source, at least until the efficient processes, allowing
to exploit the saccharides in the fibers, are reached.

19 Banana biowaste revalorization

Bananas, consumed all over the world, belong to the most
popular fruits worldwide and are harvested in countries with
a subtropical and tropical climate. The FAO estimates a har-
vested area of 5.2 million hectares and a production of 117
MT of bananas worldwide in 2019 [28]. Bananas are the
fourth most harvested crop in Costa Rica by area after cof-
fee, oil palm, and sugarcane [165]. Compared to large coun-
tries like India, Costa Rica seems to be a small producer
of bananas in terms of harvested area and production (43
169 ha and 2.4 MT in 2019 for dessert bananas, and further
10367 ha and 111 470 t for plantains) [28]. When focusing
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on Gross Domestic Product and agricultural export value,
Costa Rica belongs to the top 5 banana industries [166].

The genus Musa includes more than 1000 varieties
of bananas; however, the most commercially available
bananas are of the Cavendish type, which is Musa AAA, a
triploid cross of Musa acuminata (A), and is best suited for
global trade and transport. Dessert bananas are consumed
raw or baked, and display a sweet taste when ripe, while
cooking bananas, also called plantains, are consumed
cooked, and taste less sweet than dessert types. The plan-
tain is Musa AAB, a triploid cross of Musa acuminata (A)
and Musa balbisiana (B).

Consumption and processing of bananas lead to the gen-
eration of extensive amounts of peel and fruit waste already
in the countries of origin. Each banana plant gives fruit only
once in its plant life, after harvest of the fruits the whole
plant leaves, stem and rhizome is left in the field for natural
degradation [167]. Banana fruits comprise about 18-33%
peel [168], where the amount depends on cultivar and ripen-
ing conditions. The FAO estimates that about 30—40% of the
total banana production mass is wasted due to export rejec-
tion, damage in the field, and household throwaway [169].

20 Banana pseudo-stem and further plant
wastes

Banana plants grow up to a height of 10 m and do not pos-
sess an actual trunk, where the hard parts of the leaves form
a stem-like structure which is called pseudo-stem. Since
most banana cultivars are monocarpic plants, this pseudo-
stem is wasted after a single harvest [168].

The main component of the banana is its pseudo-stem,
which constitutes of the following components, shown in
Table 2, based on the characterization by Cordeiro et al. [170].

Dried banana pseudo-stem is usually reported to contain
approximately 20-24% of lignin [167]. A higher value of
28% lignin was reported for the pseudo-stem of Musa para-
disiaca L grown in India [171]. Additionally, the extraction
of pectin from banana pseudo stem was reported by Nera-
vathu et al. with its applicability as gelling agent for food
materials [172].

Furthermore, several enzymes are present in the banana
pseudo-stem, leaves, and roots, including starch phosphory-
lase, y-amylase, phospho-hexo-isomerase, acid and alkaline
invertase, sucrose synthase, sucrose phosphate synthase and
acid and alkaline phosphatase, among others [173]. Polyphe-
nol oxidases (EC 1.14.18.1) have been successfully extracted
from banana peel, indicating the presence of at least two
isoenzymes with different thermal stability [174].

The peel amounts to approximately 18-33% of the total
fruit mass [168, 175]. In Table 3 a general overview of the
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Table2 Tabular overview of banana pseudo-stem components (in
wiw %) [170]

(p-sitosterol, stigmasterol, campesterol, cycloeucalenol,
cycloartenol, 24-methylene cycloartanol) [181].

Component Sub-Component Content In contrast to the other major crops grown in Costa Rica,
bananas are often traded unprocessed. Nevertheless, the

Lignin 12% composition of the pulp will be considered in this review as
g‘;ﬁi:ﬁ;g? 12 ratio 60% well. The banana pulp has a high content of moisture (about
hemicellulose;cellulose) 75%), low content of protein (1-2%) and ash (1%) [182,
Glucose 74% 183]. The carbohydrate composition of banana pulp strongly

Xylose 13% depends on the degree of ripening. Hence, reported values

Galactose 3% do not only vary with variety and origin, but also with the

Arabinose 9% ripening stage. Green banana pulp contains high amounts of

Mannose 1% starch (18-21%) and low amounts of total sugars (0.8-1.3%)

Ashes 14% [182-184]. Furthermore, small amounts of hemicellulose
Potassium 33% (2%) and pectin (1%) can be present [184]. During ripen-

Calcium 8% ing, a variety of carbohydrate hydrolases are responsible for

Magnesium 4% carbohydrate hydrolysis. The hydrolases include pectinase,

Silicium 3% cellulase, hemicellulase, amylase, xylanase, a-mannosidase,

Phosphor 2% laminarinase, and p-galactosidase. The xylanase activity in

Extractives 14% bananas has been reported to be higher than in other fruits

peels components is demonstrated, the exact content varies
depending on climate, cultivar, ripening stage, and extrac-
tion method [176].

Reports about the detailed composition of the peel are
available by different authors, see Agama-Acevedo et al. [175]
for fibers and Khamsucharit et al. for pectin content [179], in
addition, Anhwange summarized trace elements [178].

Besides, banana peel provides various polyphenols and
flavonoids. Banana peel contains carotenoids in a con-
centration of up to 1.86 pg/g of banana peel [176]; lutein,
B-carotene, a-carotene, violaxanthin, auroxanthin, neoxan-
thin, isolutein, B-cryptoxanthin and a-cryptoxanthin were
identified [180]. Further compounds present in banana
peels are saponins (24 mg/g) [178], sterols and triterpenes

like mango, papaya and capsicum [184]. In the pulp of ripe
bananas, between 4% [182] and less than 1% [183] of starch
are reported. Consequently, the total sugar content has
increased to 14—-17% [182, 183]. For Cavendish bananas in
the fully ripe state, the main sugars are sucrose (8.8%), glu-
cose (4.2%) and fructose (3.2%) [183]. Banana pulp contains
various further compounds in lower concentrations, which
include neurotransmitters (i.e., dopamine 2.5-10 mg/100 g
[185], serotonin [186]), amino acids (i.e., tryptophan, tyros-
ine [186]), and phenolics [187, 188].

21 Biomass applications
Based on the chemical composition of different parts from

the banana plant, also the biomass applications vary, as illus-
trated in Fig. 4.

Table 3 Tabular overview of

the banana peel composition Musa paradisiaca
Carbohydrates
Proteins

Crude fat

Musa sapientum
Carbohydrates
Proteins

Crude fat

Plantains
Cellulose
Hemicellulose
Lignin

Content Author Literature
68 g/100 g dry weight Aboul-enein et al [177]
13 g/100 g dry weight Aboul-enein et al [177]
8 g/100 g dry weight Aboul-enein et al [177]
Content Author Literature
59% Anhwange et al [178]
2% Anhwange et al [178]
1% Anhwange et al [178]
Content Author Literature
132 g /kg Agama-Acevedo et al [175]
46 g/kg Agama-Acevedo et al [175]
17 g/kg Agama-Acevedo et al [175]
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22 Pseudo-stem

Currently, Costa Rican banana pseudo-stem biowaste is
mostly left on the fields to rot [189]. An aerobic solid state
fermentation with a ligninase-rich culture of Volvariella
sp. can turn this waste into a plant growth stimulating soil
conditioner and significantly reduce the need for chemical
fertilizers [190]. Given the promising quality of the material,
for example the low lignin content that simplifies saccharifi-
cation, this potential resource can be utilized in many other
applications. Yet, to enable the extensive use of this raw
material, economic processes are necessary. In literature,
a variety of banana pseudo-stem applications are reported
ranging from bioethanol and pulp production to functional
food products and composite materials; nevertheless, the
focus will lay on biorefinery applications.

Considering the high carbohydrate content of the banana
pseudo-stem, the most straightforward use is to access the
cellulose. For the paper industry in the 1880s, the Kraft
pulping process was established [191], where lignin contain-
ing biomass is treated with hot water and alkali among other
mechanical and chemical steps yielding a pulp that contains
mainly cellulose. Banana pseudo-stem, as well as leaves and
peduncles are considered a material worth pulping [167].

Afterwards, the high carbohydrate content is exploited
to gain sugars and subsequently, for conversion to bioetha-
nol. The production of bioethanol from readily available
waste material is a more sustainable option than cultivating
plants for this purpose. In literature, several authors com-
pare different kinds of pretreatments to access the sugars for

Fig.4 Chemical composition of
the banana plant

Pectin  C arbohydrates

Protein Crude Fat

Hemicellulose Lignin
Polypherols Flavonoids

Carotenoids

Sterols

Saponin
F Sl"ﬂtelpenes

@ Springer

fermentation to bioethanol [192-194]. Additionally, Putra
et al. demonstrated a decomposition of banana pseudo stem
into various gas products, such as hydrogen, by using radio
frequency in-liquid plasma, with the highest hydrogen pro-
duction rate of 25.93 mmol/s from banana pseudo stem at
an initial concentration of 3% (w/w) [195].

Besides biofuels, also higher value products can be
gained from banana pseudo-stem wastes.

For example, the sugars released from the banana pseudo-
stem can be fermented to yield lactic acid [196].

The banana pseudo-stem contains significant amounts of
polyphenols and flavonoids, which can be extracted with
organic solvents [197]. Ferulic acid is a hydrocinnamic
acid and natural antioxidant abundant in plants and hence a
higher-value product than sugars that can be obtained from
banana pseudo-stem, as shown by Samad and Zainol, as well
as by Sharif et al. [198, 199]. Even though, the extracted
amount of ferulic acid is significantly lower than from corn
fibers (18,400 mg/kg), the advantage of this process is its
sustainability since no alkali pretreatment of the biomass or
solvent extraction is applied [200]. Subsequently, it can be
converted into vanillin by Streptomyces setonii ATCC39116
[200].

Due to its content of bioactive compounds, the banana
pseudo-stem is also a potential raw material for the creation
of functional food products. In most of the reported studies,
the bioactive compounds are not isolated as pure compo-
nents from the biomass. Instead, added-value products are
made, and their contents analyzed. Sharma et al. created
a functional prebiotic juice with glucooligosaccharides
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(5 g/L) and D-allulose (7 g/L), where glucooligosaccha-
rides have a positive growth effect on the probiotic bacte-
rial strains L. acidophilus and L. fermentum, while the rare
sugar D-allulose is nearly calorie free. Hence, the authors
propose potential health benefits of the prebiotic juice
[201]. Further potential health benefits have been indicated
for banana pseudo-stem extracts. Ramu et al. investigated
the antihyperglycemic activity of an ethanol extract from
banana pseudo-stem on normal and diabetic rats [202].
In vivo, the extract significantly reduced maltose-induced
postprandial glucose elevation in non-diabetic and diabetic
rats [202].

In addition to the production of bulk and fine chemicals,
agroindustrial banana waste has a huge potential in the fab-
rication of functional materials. The fibers can be functional-
ized to produce sorbents for different pollutants. Addition-
ally, their potential as additives in the composite material
can be taken advantage of.

Sheng et al. evaluated the adsorption capacities of a mod-
ified banana pseudo-stem sorbent for heavy metal ions in
water [203]. The material reduced between 37 and 99% of
Pb** and Cd** from solutions containing between 1000 and
10 mg/L of the heavy metals.

The use of residual plant waste in composite materials
is ecologically advantageous, especially the use of natural
fibers. Vishnu Vardhini et al. characterized the reinforce-
ment of thermoplastic composites by banana fibers obtained
from waste pseudo-stem, yielding an increased hardness
of up to 21% [204]. Faradilla and coworkers reported on
the properties of biodegradable nanocellulose plastic pro-
duced from banana pseudo-stem [205]. The properties of
the produced nanocellulose films can be engineered via
type and concentrations of additives. Ramesh and cowork-
ers produced banana fiber reinforced epoxy composites that
have the potential to be used as alternative materials for
conventional fiber reinforced polymer composites [206]. A
composition containing 50% banana fiber and 50% epoxy
resin was able to withstand higher loads compared to other
combinations and comprised a maximum tensile strength of
112 MPa. Mumthas and coworkers evaluated several extrac-
tion methods and their influence on the physical properties
of the resulting fibers. Given the increase in fiber strength,
an application, e.g., in the textile industry is conceivable,
although further studies have to be performed to investigate
biological extraction methods [207]. Velumani et al. studied
the implementation of fine bast fibers obtained from banana
pseudo-stem into textile processes, criticizing its great stiff-
ness, less cohesiveness and higher irregularity of natural
fibers. Therefore, they adapted a lignin removing process
after fiber extraction to yield a banana/cotton knitted fabric
with increasing abrasion resistance by increasing banana
fiber content [208].

23 Peel and pulp

The peel comprises 18-33% of the total fruit mass, and
usually discarded by consumers, food service or banana
processing industries, encloses the pulp of dessert and
cooking bananas. Nonetheless, the peel contains valuable
bioactive components, like polyphenols and flavonoids,
and has a high potential in the production of bulk and fine
chemicals, as well as application in advanced materials.

Predominant components of the peels of Musa sapientum
are 59% carbohydrates and 32% crude fiber [178]. Similar to
the pseudo-stem, the carbohydrates can be saccharified by
different methods [209, 210]. In these studies, only the peels
have been considered. If the biomass also contains pulp, the
carbohydrate composition will be different. Green banana
pulp will increase the starch content in the biomass, which
can also be saccharified to yield sugars. Gebregergs et al.
studied an industrial process to valorize banana peel from a
banana juice company to yield ethanol [209].

The plant biomass is also a viable substrate for enzyme
production. Banana peels and agrowaste were used as a
substrate to produce, e.g., cellulases [211] and a—amyl-
ases [212], applying Penicillinum oxalicum and Bacillus
subtilis. Also, fungal species of Aspergillus fumigates
were studied on the banana peels for production of pecti-
nase and xylanase [213].

Nonetheless, similar to the pseudo-stem, from banana
peels a variety of higher value products can be obtained.

The carbohydrates within the banana peel can be utilized
beyond saccharification. Pectin is a gelling agent and widely
used in food and bioprocess industries as an emulsifier, tex-
turizer, thickener, and stabilizer [214]. In banana peels, a
pectin content of 4.54% was found [215], respectively, with
a comparable degree of esterification to conventional pectin
sources from citrus or apple pomace [179].

Several authors investigate the isolation of pectins [179,
214, 215]. The pectin extracted from banana peels can be fur-
ther employed either as stabilizer in fruit juice, jam and mar-
malade, or other composite materials. Oliveira and coworkers
combined the pectin extraction with citric acid and with acid
hydrolysis to access cellulose nanoparticles, and prepared bio-
nanocomposite films based on these two materials [216]. The
cellulose nanoparticles acted as reinforcing phase, while citric
acid was added as a crosslinker and glycerol as plasticizer.

In addition to pectin isolation, the gelling capacity due to
the high pectin content can be utilized to create functional
food products with dietary fiber and antioxidant activities.
Functional jellies created from different amounts of banana
peels, sugar, and citric acid provided 4 — 12% total dietary
fiber, total phenolic contents of 100-300 mg gallic acid
equivalents (GAE)/100 g dry weight, and total flavonoid
contents of 50-180 mg catechin equivalents (CE)/100 mg
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dry weight. The phenolic and flavonoid contents are even
higher than expected from the employed amounts of banana
peel, which suggests an increased extractability due to the
conditions during the production [217].

The flour from banana peels is another product that can
add value to foods. The extracts of banana (Musa AAA) peel
flour show high total phenolic contents (29 mg GAE/g), and
important amounts of flavonoid phenolics: highly polym-
erized prodelphinidins (3953 mg/kg), flavonol glucosides
(3-rutinosides and quercetin-based structures, 129 mg/
kg), B-type procyanidin dimers, and monomeric flavan-
3-ols (126 mg/kg) [218]. The flour can be used as a partial
replacement for wheat flour in bread. This leads to increased
mineral (potassium, sodium, calcium, iron, and magnesium),
protein and fiber contents compared to pure wheat bread
[219]. Since a better bread pliability was reported, banana
peel flour is a valuable material to improve microstructural
activity and add bioactive constituents to food [220].

The presence of banana pulp is not expected to impede
bakery applications of banana peel flour. The flour of green
bananas has been used in layer and sponge cakes. In the for-
mer, only minor declines in sensory perception were reported
in comparison to the control. In the latter, a lower specific
volume and worse sensory attributes were criticized. The
addition of banana flour increased the content of resistant
starch and dietary fiber, and enhanced the antioxidant activity
due to the presence of polyphenols in the cakes [221].

The great variety of bioactive compounds in banana
peels can be isolated by different extraction methods. The
most common solvents for extraction are water, methanol,
ethanol, acetone, and their mixtures. Extractions with mix-
tures of acetone and water are effective to extract catecho-
lamines, phenolic and anthocyanin compounds [222]. The
extracts from banana peels comprise antioxidant activity and
a variety of polyphenols and flavonoids. While most studies
determine total polyphenols (mg GAE/100 g), total flavo-
noids (mg CE/100 g), and antioxidant activities with DPPH
(2,2-diphenyl-1-picrylhydrazyl, in mg Trolox/100 g) and
FRAP (ferric ion reducing power, mM Fe?*/100 g) meth-
ods, some extractable components of banana peels have been
quantified as well. Compared to extracts from apple pom-
ace and orange peels, extracts from banana peels comprise
the highest total flavonoid contents (752 mg CE/100 g dry
weight), and highest antioxidant capacity in terms of FRAP
(24.6 mM Fe?*/100 g dry weight) [223]. Banana peel extracts
do not contain vitamin C, the total phenolic content (490 mg
GAE/100 g dry weight) is lower than for orange peel extract
(729 mg GAE/100 g dry weight), and antioxidant activity in
terms of DPPH (999 mg Trolox/100 g dry weight) is slightly
lower than for apple pomace extract (1029 mg Trolox/100 g
dry weight) [223]. A comparison of total phenolic content
was published by Passo Tsamo et al., considering dessert
banana and plantains with different genomic constitutions
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(AAA, AB, AA, ABB, AAB and ABB). The total phenolic
compounds in the peel are between 131.4 and 587.6 mg/
100 g fresh weight. In comparison, the pulp contains between
39.5 and 319.5 mg phenolic compounds per 100 g fresh
weight [224]. Flavonoid contents vary between 2.18 mg CE/
100 g in banana pulp [225] and 21.04 mg/g in banana peel
extracts [177]. The variations in the literature data are mostly
ascribable to extraction methods, while differences between
different cultivars seem to be of minor extent.

Dopamine is also present in banana pulp in concentra-
tions of 25 — 100 mg/kg [185], and has been isolated from
the pulp in analytical scales with imprinted polymers [226].

The extracts from banana peels have been employed in dif-
ferent applications. The addition of 5 mg methanolic banana
peel extract per mL of orange juice increases the free radical
scavenging and antioxidant capacity without negative influ-
ence on taste and product quality [227]. In raw poultry meat,
aqueous banana peel extract and sapodilla peel extract show
an antioxidant effect that is comparable to butylated hydroxy-
toluene in view of decreasing thiobarbituric acid reactive sub-
stances [228]. Banana peel extracts have antimicrobial activity
against several bacteria including Bacillus sp., Escherichia
coli, Pseudomonas sp., Klebsiella pneumoniae, Staphylo-
coccus aureus, and Streptococcus sp. [229]. The injection of
banana peel extract in the giant freshwater prawn Macrobra-
chium rosenbergii increased survival percentages at six days
after treatment significantly, which is attributed to its activity
against Lactococcus garvieae and other strains. Hence, banana
peel extract has potential as bacteriostat, immunostimulant
and physiological regulator for prawn [230]. Furthermore,
antidiabetic effects of banana peel extracts (Musa cavendish
and Musa acuminata) have been demonstrated in vitro in rats
[231], and antiangiogenic effects have been investigated for
Musa sapientum peel extracts [232].

In addition to saccharification, pectin extraction, and the
utilization of bioactive compounds, banana peels have poten-
tial in the production of advanced materials. Their extracts
have been utilized as reducing and stabilizing agent in the
green synthesis of silver [233, 234] and gold nanoparticles
[235]. The silver nanoparticles are strong DPPH radicals
and ABTS (2,2'-Azinobis-(3-Ethylbenzothiazoline-6-Sul-
fonic Acid)) scavengers [234]. The gold nanoparticles syn-
thesized with banana peel extract show biofilm inhibition
activity against multiple antibiotic resistant gram-positive
Enterococcus faecalis, inhibition of viability of human A549
lung cancer cells, and no mortality for the freshwater micro
crustacean Ceriodaphnia cornuta at 250 mg/mL [235].
Nanomaterials can be obtained from banana peels as well.
Pelissari and coworkers developed nanocomposites based on
banana starch that was reinforced with cellulose nanofibers
from banana peels [236]. The cellulose nanofibers improved
the features of the starch-based materials and are potentially
applicable as reinforcing elements in polymer composites.
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The structure of the banana peel is furthermore interest-
ing for material science. After carbonization, banana peel
can be applied as hierarchically porous activated carbon
scaffolds for energy storage applications; either as high-per-
formance activated banana peel/NiCo,O, electrode materials
for supercapacitor applications, or as activated banana peel/
Ni/graphene composite for Li/S batteries [237]. Similar to
the pseudo-stem, this porous structure can be used as a sorb-
ent. Various applications of banana peel sorbents for various
materials have been published, ranging from heavy metals,
such as chromium and copper, over radioactive material to
organic substances, such as phenolic compounds [238-240].
Besides also fluoride and pesticides can be removed from
wastewaters by banana peel sorbents [241].

24 Biorefinery approaches

There is a variety of potential applications for banana
pseudo-stem and peel wastes, which are depicted in Fig. 5.

Both materials are applicable for saccharification and
ethanol production with different methods, and allow ethanol
yields comparable to other fruit wastes. Apart from sacchari-
fication and ethanol production, higher-value compounds can
be accessed. Banana pseudo-stems can be subjected to extrac-
tion processes to access phenolic compounds, or their flour
can be used in foods. They have further potential to produce
sorbents and nanocellulose for functional and composite mate-
rials. Banana peel wastes have potential in pectin extraction

Fig.5 Application and produc-
tion process of value-added
products from banana residues
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since pectin contents are similar to the traditionally used pec-
tin sources apple pomace and citrus peels. Since extraction
conditions strongly influence the properties of the pectin, the
procedure can be adjusted to fit the favored product. Further
potential uses are extracts of bioactive compounds, and sorb-
ents for various pollutants. Even combinations of these uses
are possible, for example extraction and sorbent preparation.
The potential of flour or extracts from banana peels as food
additives is huge. Nonetheless, if an application as food ingre-
dient is aspired or positive health effects should be advertised,
probably further studies are necessary to investigate the car-
ryover of agrochemicals to these products, for example pes-
ticides. Further agrochemicals are used to improve flowering
and fruit development. Peels have been shown to contain more
than ten-fold the amount of pesticide residues compared to
pulp [242], and the techniques presented in the studies shown
here did not evaluate pesticide removal by washing proce-
dures, nor carryover to the products. The same applies to the
pseudo-stems used in food or health related products.

The application possibilities presented in this review
are promising. Many processes have been developed for
the production of bulk chemicals like ethanol from banana
waste biomass. In many of these applications, high trans-
port costs are expected due to the water content of the
biomaterial. Nonetheless, a variety of value-added prod-
ucts can be achieved from banana wastes, especially when
biorefineries are planned close to the production site. Con-
sequently, further studies are necessary for establishing
feasible processes to gain these high value materials.
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25 Conclusion of banana biorefinery
concepts

Most of the biomass residues resulting from banana culti-
vation in Costa Rica are currently not utilized. These agri-
cultural wastes include plant wastes, especially the pseudo-
stem, peels, and rejected fruits. Value-added products, such
as bulk chemicals like ethanol, bioactive compounds, food
additives or nanocellulose materials, can be obtained from
these residues. Many studies focused on bulk chemical pro-
duction from leftovers of banana cultivation. In addition,
techno-economic feasibility studies were performed prov-
ing promising valorization processes to produce biogas or
co-generate other higher value products, such as ethanol,
xylitol, syngas and electricity [243]. A promising alterna-
tive application of banana agriculture by-products is the
processing towards bioplastics and biodegradable packag-
ing, therefore, closing the production cycle and reducing
the accumulation of waste from banana industries [244].
Additionally, exploitation of high value compounds as plant
extracts or comparable products are excellent target chemi-
cals. For some of these products, positive health effects are
expected. Nevertheless, due to the high water content of this
biomass, resulting transportation costs can be the limiting
factor in the decision if a biorefinery process is economically
justified. Therefore, it is suggested to carry out case stud-
ies, determining the most economically feasible combina-
tion of value-added products, combining several recycling
techniques to fully convert agro-industrial banana residues
into valuable products.

26 Overall conclusion

Costa Rican climate and its rich soil are advantageous for
the cultivation of tropical crops, which are mainly produced
for export reasons. Therefore, the increasing crop cultivation
also leads to an enormous amount of solid residues with
high potential for value-added products, such as bio-based
chemicals, fuel, and energy.

Possibilities for the valorization of by-products range
from ethanol and fuel to plant extracts and comparable
value-added products, when talking about banana biomass.

Sugarcane and bagasse traditionally found their way to
industry as fuel for boilers or generation of electricity. How-
ever, to improve its value, the applicability in biotechno-
logical processes depends on more suitable and especially
feasible pretreatments for the hydrolysis of polysaccharides,
which have to be found.

Waste valorization of pineapple is partly already done
on an industrial scale, but solely in terms of bromelain
extraction. In general, the lignocellulosic waste can be used

@ Springer

for energy supply. Additionally, pineapple waste offers the
opportunity to generate antibiotics, biosurfactants, as well
as silica nanoparticles, among others.

Eventually, the possibilities of upgrading solid waste from
various agricultural industries, are promising, especially, as
closing the cycle of production in terms of circular economy,
will help to extract the maximum utility out of those renew-
able resources. Additionally, economic growth, as well as
environmental stewardship, that are inevitable according to
the SDG-UN pillars for sustainable growth, are fulfilled.

In addition, in 2016, the United Nations (UN) published
17 Sustainable Development Goals (SDG). The introduc-
tion of biorefineries in Costa Rica, and elsewhere, will help
produce value-added products from agro-industrial waste,
making great strides in achieving “affordable and clean
energy” as agro-industrial waste is increasingly used for
energy production. Focusing on sustainable biotechnology
processes with better energy and resource efficiency will
contribute to “industry, innovation and infrastructure”, as
well as “responsible consumption and production.” Positive
side effects will also be visible in terms of “clean water and
sanitation” and “zero hunger,” as waste dumping and soil
and water toxification will no longer be a major concern, and
food will no longer be used to produce energy.

Nevertheless, improvements are needed, as most produc-
tion processes are not on an industrial scale yet and might
even face challenges to economically compete with the so far
petroleum-based way of production. However, when striving
for more sustainable production processes, these challenges
must be addressed, without neglecting social responsibili-
ties, such as employment and food security. Therefore, fur-
ther investigations are inevitable to find a holistic approach
for the most suitable combination of by-product valorization
in concert with green and sustainable technologies, as well
as logistic issues.
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