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Abstract: Fruit waste (FW), mainly from agroindustry, is currently left behind in landfills despite its rich 
composition. The bioactive compounds (e.g., oils, polyphenols), carbohydrates, and lignin present in this 
biomass type require comprehensive characterization (i.e., identification and quantification) before they 
can be used as raw materials in biorefineries. This review collected information from scientific papers on 
FW compositional analysis methods and characterization data; the information needs to be compiled in 
a systematic, standardized, and comprehensive way to understand and quantify the true potential of FW 
as feedstocks for biorefineries. The information gathered in this review allowed us to identify the biomass 
fractions that could be valorized further depending on the kind of FW (peels, seeds, or seed vessels, 
and pomace or mixed residues). Fruit waste differs from conventional lignocellulosic biomass due to 
the presence of higher amounts (>5%) of extractives – pectin, and starch. This review describes current 
compositional analysis methodologies to identify possible strengths and weaknesses that could affect the 
adequate selection of valorization platforms. As no current methodology allows the composition of FW to 
be described thoroughly, this work identifies procedures applicable to biorefineries that use FW. Possible 
improvements are suggested to fill methodological gaps in the quantification of samples with large 
amounts of extractives and pectin. The standardization of methods for FW’s quantification is fundamental 
for the adequate integration of different valorization platforms into biorefineries. It is essential to consider 
all the substances present in FW to exploit fully their potential for new value-added molecules, including 
oils, polyphenols, and pectin. © 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Introduction

T
he global population has been increasing since the 
Industrial Revolution. This has led to an increase in 
energy consumption and resource exploitation. Fossil 

fuels have been a reliable source of energy and everyday 
products; nonetheless, economic growth has been achieved 
at the expense of environmental damage, deterioration 
in health, and ongoing social inequality.1 As a result, the 
long-term stability of modern societies is at risk due to their 
reliance on oil, the supplies of which are becoming depleted.2 
There is consequently a need for sustainable solutions 
in a (complete) circular economy model that reduces 
consumption, and that reuses and recycles waste materials 
and replenishes the supply chain.3

Biorefinery systems that use biomass-based raw materials to 
obtain value-added products through biological or chemical 
conversion processes are an attractive concept. These complex 
arrangements can be used to valorize waste biomass such as 
fruit waste (FW) (a kind of vegetable biomass comprised of 
peels, pulp residues, and seeds – the fruit’s nonedible parts). 
Agroindustry and municipalities are the primary sources 
of this organic waste, which is discarded at each step of 
these food value chains.4 After most of the pulp is removed, 
transformed into various food products, and conserved, 
most of the fruit’s weight is left behind as FW, which is sent 
to landfills without further valorization.5 Even though FW 
is usually considered a nonhazardous waste,4 it could cause 
undesired emissions, secondary wastes, acid gases, and 
other toxic substances (i.e., dioxins and furans produced by 
incineration), leading to serious environmental and health 
risks.6 In 2018, 866 million tons of fruits were produced on 
average in the world, with Asia leading (~57%), followed 
by the Americas (~19%), Africa (~13%), Europe (~10%), 
and Oceania (~1%),7 which provides an abundant source 
of biomass with potential use in biorefineries, especially for 
the top-producing countries in each region. Some examples 
are India, China, Indonesia, Thailand, Brazil, the USA, 
Mexico, Colombia, Iran, Egypt, Nigeria, Turkey, Spain, and 
Italy. Consequently, FW could be an important feedstock 
for biorefineries due to its rich content of carbohydrates 
and bioactive compounds, which could be transformed into 
high-value products such as compost, vermiculture, pectin, 
enzymes, essential oils, antioxidant compounds, edible fungi, 
dietary fiber, bioethanol, biogas, and other products from 

thermal valorization,8–15 with multiple uses in cosmetics, 
pharmaceuticals, foods and feeds, and bioenergy.

Fruit waste has a heterogeneous composition that requires 
systematic, standardized, and comprehensive characterization 
to understand and quantify its true potential as a feedstock 
for biorefineries. Adequate characterization of FW would 
make it easier to know the exact amounts of relevant 
compounds necessary to design its processing routes and 
select valuable and marketable products.4,6 Even though FW 
has a similar composition to conventional lignocellulosic 
biomass in terms of cellulose, hemicellulose, lignin, protein, 
and ash,16 it also has high pectin, starch, and extractives 
content (>5% w/w).17–20 The presence of these particular 
substances makes fruit-derived biomasses both attractive and 
challenging in terms of their quantification and valorization.21

Hence, a comprehensive and systematic collection of 
compositional analysis data of FW is required in order to 
harmonize characterization methods for application to 
biorefineries. For that reason, the aim of this review is to 
collect information systematically about the compositional 
analysis of FW, which is relevant to the concepts of biomass 
valorization and biorefineries. It is also an aim of this 
review to establish and suggest improvements to the current 
methodologies of compositional analysis to construct better 
decision criteria for biorefinery design when FW is used as 
a raw material. It is expected that this work could serve as a 
basis for future work providing information on how best to 
address a comprehensive and complete characterization of 
FW and provide compositional data for multiple FWs.

Research method and structure of 
the review

The procedure followed in this study is based on the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines for systematic reviews 
and meta-analysis.22 Figures 1 and 2 show a schematic 
representation of the steps taken and decisions made 
during the literature review process. The literature analysis 
included internationally indexed scientific papers (excluding 
conference papers) published in the last 20 years (March, 
2003–March, 2023) in databases including Google Scholar, 
Scopus, ScienceDirect, SpringerLink Journals, Pubmed, 
Taylor & Francis Journals, and American Chemical Society 
Publications. Only peer-reviewed articles were considered. 
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First, a general search was done to identify potential 
publications relevant to the topic using the words ‘Fruit’, 
‘Waste’, and ‘Biorefineries’. Next, articles related to the 
compositional analysis of FW were selected and screened, 

checking first the titles and abstracts mentioning fruit 
feedstock and then selecting relevant articles with quantitative 
data on the composition of FW, as shown in Figs 1 and 2. 
A secondary search included more specific keywords to 

Figure 1. Flow diagram used to select papers based on the PRISMA guidelines for the general search.

Figure 2. Flow diagram used to select papers based on the PRISMA guidelines for the specific search.
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ensure that relevant information was not excluded from 
this review. Supporting Information, Table S1, shows in 
detail the combination of keywords used and the number 
of results obtained for each database during the two search 
steps. In all cases, duplicate articles and publications not 
associated with the topic of this review were discarded (i.e., 
papers reporting information not related to FW and their 
composition). The exclusion criteria also considered the 
removal of papers that did not include experimental data 
or that presented incomplete or partial results (i.e., those 
papers not intended to measure the composition) or papers 
that reported data obtained using methods that are not 
standardized (i.e., not validated by internationally recognized 
organizations). The review will first present a description of 
the composition of vegetable biomass. Then a compilation 
of the available standardized methodologies to characterize 
FW’s composition will be shown. After that, a collection of 
compositional data on FW that has been reported in the 
literature (using these methods) will be presented. Finally, 
the information gathered will be used to discuss and propose 
a unified methodology for the compositional analysis of FW 
for their use in biorefineries.

Composition of vegetable biomass

Vegetable cell-wall composition is complex and varies 
depending on taxonomical groups, tissues, cell types and 
layers, and the age of the plant.23 Most vegetable biomass 
contains different proportions of structural polysaccharides, 
starch, lignin, proteins, silica, water-soluble carbohydrates, 
organic acids, and other secondary metabolites.24,25

The first plants (Bryophytes) evolved from green algae and 
adapted to life on land by developing a dermal tissue called a 
cuticle, which prevents water loss and gives protection. At this 
point, plants also had several structural polysaccharides, such 
as cellulose, hemicellulose, and pectin. Later, lignin allowed 
the first vascular plants (ferns) to grow higher and have 
stronger tissues.26 The evolution of gymnosperms (plants 
with exposed seeds) gave rise to the abundance of tissues 
that sustain the growth of seeds and contain starch, lipids, 
and proteins.24 More recently, angiosperms (seed plants 
with fruits and flowers) evolved an enclosure rich in sugars, 
pectin, and phytochemicals, which attracts pollinators (or 
dispersers) and protects the seed from predators and harsh 
environmental conditions.24

It is currently possible to observe the effect human 
beings have had on how certain plants grow. For example, 
large forest areas have been dedicated exclusively to wood 
harvesting. Agriculture has transformed wild plants into new 
varieties that are more edible and palatable. Consequently, 

most of the residues that human activities left behind consist 
of biomass from gymnosperm and angiosperm plants. 
Conifers (Pinophytes), like pines and spruces, are examples of 
gymnosperms used to obtain what are known as softwoods. 
On the other hand, monocotyledons (like grass, maize, 
sugar cane, bamboo, rice, water hyacinth, pineapple, banana, 
açai, and yams) and dicotyledons (like olive trees, carrots, 
coconuts, apples, oranges, tomatoes, strawberries, sunflowers, 
and roses), which pertain to the angiosperm clade, have been 
used to produce most foods and feeds, hardwoods from dicot 
trees, and energy by incinerating the remaining biomass. 
Thus, the abundance of specific plant groups that have been 
affected by human interference has defined and restricted the 
substances found in vegetable biomass and, consequently, 
the yields of possible byproducts that can be accessed and 
retrieved.

Figure 3(a) shows a graphical representation of the cell-
wall composition of dicotyledonous and nongramineous 
monocotyledonous plants. Figure 3(b) also gives a visual 
representation of the cell-wall composition of gramineous 
monocotyledonous plants and gymnosperms. In Fig. 3, the 
first structures, located outside epidermal plant cell walls, 
are cuticles, which are made of a hydrophobic polymer 
matrix that contains cutin, a polyester of hydroxy and epoxy 
fatty acids (C16 or C18 chains, or both), and cutan, a wax 
composed of several aliphatic and aromatic compounds.30 
After that, the middle lamella is found as an interface between 
neighbor cells, allowing the passing of intercellular signals, 
nutrients, and gases.31 Following that, it is possible to observe 
the primary cell wall supported by cellulose and kept together 
by crosslinked glycans. Hemicelluloses link together cellulose 
microfibrils but avoid direct contact with them.31

Depending on how those crosslinks occur, it is possible 
to classify primary cell walls. Type I primary cell walls 
contain a large amount of pectin, which surrounds cellulose 
(glucan) and hemicellulose (xyloglucan).24,27,32 This type of 
cell wall can be observed in dicot plants and no-gramineous 
monocots, mostly in their edible tissues.23,24 In this kind 
of cell wall, pectin binds through calcium bridges (low 
esterification) and hydrophobic bonds (high esterification), 
which also crosslink with phenolics and plasma membrane 
proteins.24,32 Cellulose and hemicellulose provide rigidity to 
the cell wall and are intertwined with pectin polymer, which 
provides fluidity but is stabilized by phenolic compounds and 
proteins.24,31

On the other hand, Type II primary cell walls are 
common in gramineous monocotyledons (grasses) and 
gymnosperms.23,24 This type of cell wall contains lignin, 
which embeds cellulose microfibrils and hemicellulose 
in the form of xylans (such as glucuronoarabinoxylan, 
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arabinoxylan, and glucomannan).24,32 Pectin and structural 
proteins are absent in this cell wall, as represented in Fig. 3(b). 
It is important to note that the main hemicelluloses are 
xyloglucans, xylans, mannans, and glucomannans in dicots. 
Arabinoxylans predominate in monocots (wheat, barley, and 
grasses).31

Another structure that can be seen in Fig. 3 is the secondary 
wall. This is composed mainly of cellulose, hemicellulose, 
and lignin.23 The cellulose in secondary walls is arranged in 
different layer configurations of the microfibrils embedded in 
lignin.23 These cell walls are deposited in specialized tissues 
such as the xylem and the sclerenchyma, which help transport 
water and give structural strength to the plant.27,32 It is 
evident then that the term ‘lignocellulose’ could be regarded 
as an overgeneralization that does not represent the variety 

observed in plant taxonomic groups. Instead, it tends only to 
represent fairly the overall composition of gymnosperms and 
nongramineous monocots.

For the lignification process to happen, lignin precursors 
(i.e., monolignols such as p-coumaroyl alcohol, coniferyl 
alcohol, sinapyl alcohol, and caffeyl alcohol) cross cell 
membranes using mostly passive transport mechanisms and 
are deposited in plant secondary walls giving strength.27,28,32 
Apart from monolignols, other substances such as enzymes, 
sugars, organic acids, and most polyphenols (dimeric 
phenolics and flavonoids) can cross cell membranes.28 Passive 
transport occurs through the ~5 nm pores of guard cells, 
limiting the kind of molecules that can permeate.24 These 
bioactive compounds are produced inside cell walls and 
are stored in vacuoles and organelles in the form of starch 

Figure 3. Graphical representation of the cell-wall composition of (a) dicotyledonous and nongramineous monocotyledonous 
plants and (b) gymnosperms and gramineous monocotyledonous plants.24,25,27–29
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granules (10–100 μm), oil bodies (0.5–5 μm), protein bodies 
(0.5–5 μm), carotenes, and chlorophyll inside the cell wall 
of chloroplasts (3–5 μm),33 as shown in Fig. 3. It is clear that 
cell walls impede the release of molecules for energy storage 
and energy production, such as lipids (e.g., oils, fats, and 
terpenoids) and starch, which are vital for survival.

The only way to access these substances is to divide them 
into smaller structures capable of passing through the cell 
or releasing them by applying external forces that break 
cell walls. For example, starch gelatinization would require 
thermal and mechanical treatments (milling or grinding), 
which cause cell wall rupture.24 On the other hand, phenolic 
compounds such as flavonoids and phenylpropanoids, 
mainly located in central vacuoles, can travel along primary 
and secondary walls due to their small size, and can be 
found even in the external waxes (cuticles) and accumulate 
in trichomes.29 These bioactive compounds help plants 
to protect themselves from biotic (predators) and abiotic 
(radiation, pollution, heavy metals) sources of stress, send 
signals to other plants, create symbiotic relationships 
with other organisms, and attract insects (pollinators and 
dispersers).29 In Fig. 3, it is possible to see that phenolic 
compounds are present in both primary and secondary 
cell walls between the cellulose fibrils.32 Consequently, the 
heterogeneous composition of vegetable biomass requires 
systematic, standardized, and comprehensive characterization 
to understand and quantify their true potential as feedstocks 
for biorefineries. Knowing the exact amounts of relevant 
compounds is key guidance for setting realistic expectations, 
designing processing routes, and selecting valuable and 
marketable products.4

Characterization methods for 
compositional analysis of fruit 
wastes

Multiple methods have been reported in the literature 
for the compositional analysis of FW, some of which 
are standardized. These standardized methods and the 
contributions made by several authors have been described 
by Sluiter et al.16 Although most of those methods were 
initially developed for lignocellulosic feedstocks and 
industries (agriculture, biomass, and papermaking), they have 
also been slightly adapted or used directly for the quantitative 
characterization of FW, which might significantly differ 
from conventional lignocellulosic biomass in terms of their 
composition (mainly in the contents of pectin, extractives, 
and starch) and physical–chemical properties. Table 1 shows 
a summary of standardized methods (i.e. validated with inter-

laboratory studies), reported in the literature, which can be 
used for the compositional analysis of FW. However, due to 
the structural differences between lignocellulosic biomass and 
FW, the direct application of these characterization methods 
into FW may lead to possible data gaps (e.g., incomplete 
characterization) and/or inconsistencies across methods, 
especially determining and quantifying extractives, pectin, 
and starch. The following subsections briefly describe the 
methods that have been used to obtain FW’s composition.

The National Renewable Energy Laboratory 
– laboratory analytical procedures

The National Renewable Energy Laboratory (NREL) 
developed standardized methods54,56,58,60,61 to analyze the 
chemical composition of lignocellulosic biomass, driven by 
growing interest in producing biofuels and biochemicals. 
These methods assess biomass potential as a carbon 
source for holistic utilization via catalytic conversion, 
thermochemical processes, or fermentation. The main goal 
is to achieve a comprehensive description of the constituents 
using the concept of summative mass closure (SMC). This 
approach ensures that the total measured substances add 
up to 100%, with a maximum allowable variation of ±5% 
between different laboratories.62 The NREL is the most 
commonly used method for FW as it provides the most 
accurate description of the composition due to its quantitative 
nature, which can also be coupled with spectral data from 
near-infrared (NIR) spectroscopy to form predictive 
regression models. This is still under development.63,64 One 
advantage of this method is the use of a standard sample 
preparation procedure that guarantees the same pretreatment 
conditions for all the samples, which helps to assure the 
replicability of these protocols compared to other methods 
(Table 1).

The NREL method uses water and ethanol to measure 
water-soluble carbohydrates (WSC), polyphenols, waxes, 
fats, resins, gums, sterols, and nonvolatile hydrocarbons. 
However, the extraction of these substances from the 
sample may be incomplete for samples with high nonpolar 
compound content.58 Structural monosaccharides are 
identified by acid hydrolysis and measured by high-
performance liquid chromatography (HPLC). The latter has 
the advantage of including a set of sugar recovery standards 
(SRS) that consider possible losses due to over-hydrolysis.16 
It is important to note that the NREL recently published 
a protocol for starch quantification based on enzymatic 
hydrolysis and uses gravimetric and chromatographic 
measurements for that purpose.65 However, starch and 
pectin have not been historically quantified in the NREL 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al.Review: Compositional analysis of fruit wastes

7

Table 1. Characterization methods of lignocellulosic biomass that have been used for FW.
Methods

NREL TAPPI [34] Van Soest [35–38] AOAC [39–53]
Type of method Quantitative Semiquantitative Semiquantitative Semiquantitative

Sample 
preparation

Dried at 45 °C (moisture 
<10%), milled to 1 mm 
mesh [54]

Milled to a 0.4 mm mesh. 
Samples must be wood (T 257) or 
pulp (T 210)

Samples homogenized to 
1 mm mesh. Extractives, 
proteins, and starch are 
removed from homogenized 
samples

Industrial grinders, 
blenders, or food 
processors are used to 
obtain a homogeneous 
mixture

Total solids Dried at 105 °C until 
constant weight [55]

Dried at 105 °C until constant 
weight. For samples of wood 
(T 264), pulp (T 210), paper, or 
paperboard (T 550).

Dried at 100 °C Dried at 100 °C [37]

Ash Ignition at 575 °C using a 
muffle ramp [56]

Ignition at 525 °C (T211) Ignition at 525 °C Ignition of the sample 
(525–600 °C) depending 
on the type of sample 
(Table S2)

Protein Kjeldahl method [57] Not measured Kjeldahl method Kjeldahl method, with 
different variations 
depending on the type of 
sample (Table S2)

Extractives Two-stage Soxhlet 
extraction (water and 
ethanol). Water soluble 
carbohydrates in water 
measured by HPLC. 
Ethanol extracts are 
measured gravimetrically 
[58]

Soxhlet extraction with a 
mixture of ethanol and benzene 
(1:2 v/v), dichloromethane, or 
acetone. Extracts are measured 
gravimetrically (T 264 or T 204).

Not specified. Usually 
obtained by using water and 
other solvents (petroleum 
ether mostly)

Crude fat determined by 
Soxhlet extraction with 
petroleum ether

Structural 
carbohydrates

Two-stage acid 
hydrolysis using H2SO4. 
Stage 1: 30 °C, 72% 
w/w H2SO4. Stage 2: 
121 °C, 4% H2SO4.
[59] Hydrolyzed sugars 
are measured by HPLC 
and used to calculate 
glucan, xylan, galactan, 
arabinan, and mannan

T 203: Alpha-cellulose (NaOH 
17.5% w/w and 9.45% w/w at 
25 °C), beta-cellulose (potassium 
dichromate), and gamma-
cellulose (by difference)
T 223: Pentosans obtained by 
boiling samples in HCl 3.85 M. 
Furfural is collected on the 
distillate and determined using 
the orcinol-chloride reagent
T 249: Two-step acid hydrolysis 
to obtain monomeric sugars that 
are converted to alditol acetates 
that can be measured using gas 
chromatography

TDF is treated with a 
neutral detergent solution 
(sodium lauryl sulfate, 
decahydronaphthalene, and 
sodium sulfite) that removes 
noncell wall polysaccharides 
in a refluxing apparatus that 
allows obtaining the amount 
of neutral detergent fiber 
(NDF)
NDF is treated with 
an acid detergent 
solution (H2SO4 0.5 M, 
cetyltrimethylammonium 
bromide, and 
decahydronaphthalene) that 
removes hemicellulose and 
allows the determination of 
acid detergent fiber (ADF)

It is possible to measure 
any of the following 
fractions depending on 
the version of the protocol 
(Table S2): TDF, NDF, 
insoluble dietary fiber 
(IDF), soluble dietary fiber 
(SDF), ADF, ADL. Total 
carbohydrates measured 
by difference

Lignin Determined 
gravimetrically after acid 
hydrolysis. Corrected 
using protein content 
[59]

Determined gravimetrically after 
acid hydrolysis (T 222)

Determined gravimetrically 
after the acid hydrolysis of 
the ADF fraction (cellulose 
and lignin), which leaves 
behind acid detergent lignin 
(ADL)

Determined gravimetrically 
after the acid hydrolysis of 
the ADF fraction (cellulose 
and lignin), which leaves 
behind acid detergent lignin 
(ADL)

(Continues)
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Methods

NREL TAPPI [34] Van Soest [35–38] AOAC [39–53]

Starch Not usually measured. 
NREL published a recent 
protocol to measure 
starch based on AOAC 
methods that employ 
enzymes to hydrolyze 
starch but improved 
by using HPLC and 
gravimetric quantification 
of the fractions

Not measured Not measured Measured in AOAC 
methods since (YEAR)

Pectin Not measured Not measured Van Soest recommended 
a procedure using 
metahydroxybiphenyl to 
measure galacturonic acid 
[37]

Not measured

Advantages Samples are prepared in 
uniform conditions
The ash ramp reduces 
sample losses
Water-soluble 
carbohydrates are 
quantified from extracts
SRS correct sugar 
content and consider 
over-hydrolysis
Measured fractions 
of structural 
monosaccharides can 
be related to cellulose 
and hemicellulose 
contents

Useful to measure pulp quality 
(alpha, beta, and gamma 
cellulose).
Useful to determine yields of 
paper and other derived materials

Useful to determine fibrous 
and nonfibrous fractions
Removes extractives and 
starch to avoid possible 
interferences with fiber 
measurements
Proposes a method to 
measure pectin

Useful to determine 
digestible and 
nondigestible fractions
Relevant to obtain 
nutritional information
Removes extractives and 
starch to avoid possible 
interferences with fiber 
measurements
It tends to include a 
measurement of resistant 
and nonresistant starch, 
depending on the version 
of the method (Supporting 
Information, Table S2)

Disadvantages It has problems with 
samples with a high 
amount of nonpolar 
extractives
Even though polar and 
nonpolar extractives are 
obtained, only WSC are 
identified
It does not consider the 
quantification of starch 
and pectin
Starch could cause an 
overestimation of the 
cellulose content

It was explicitly designed 
for wood, pulp, paper, and 
paperboard samples. Variations 
exist in sample preparation 
depending on whether the 
sample is wood, pulp, or paper
Protein is not measured, which 
could result in overestimating the 
lignin content. Extractives are not 
identified and are removed only to 
facilitate other tests
Measurement of alpha, beta, 
and gamma cellulose is 
semiquantitative and is only valid 
for applications related to the 
paper industry
Loss of sugars due to over-
hydrolysis is not considered in 
T249
The selection of the method to 
measure structural carbohydrates 
is arbitrary. It does not consider 
the quantification of starch and 
pectin

It was designed specifically 
to determine the digestibility 
of forages
The preparation of samples 
is not clearly specified and 
could be performed using 
different equipment
Extractives are not usually 
quantified
It does not consider the 
quantification of starch
The quantification of the 
TDF and NDF fractions is 
semiquantitative and cannot 
be directly correlated with the 
cellulose, hemicellulose, and 
lignin contents

It was designed specifically 
to determine the 
digestibility of forages
The preparation of samples 
varies depending on the 
type of sample (Table S2) 
and could be done using 
different equipment, 
particle sizes, and initial 
moisture contents
Quantification of total 
carbohydrates or WSC is 
obtained by difference from 
the measured fractions
The quantification of 
the TDF, NDF, ADF, IDF, 
and SDF fractions is 
semiquantitative and 
cannot be correlated 
directly with the cellulose, 
hemicellulose, and lignin 
content
It does not consider the 
quantification of pectin

Table 1.  (Continued)
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Laboratory Analytical Procedures (LAPs) (Table 1), which is 
a clear disadvantage that could lead to inaccurate results and 
measurements in FW due to starch, pectin, and nonpolar 
extractives in those samples. For instance, starch may cause 
an overquantification of cellulose due to its hydrolyzation 
into glucose which could be detected and measured as glucan 
in this protocol. Depending on the concentration of pectin 
in the samples, some could remain after acid hydrolysis and 
could interfere with lignin measurements. Finally, remaining 
nonpolar extractives (fats and oils) might cause incomplete 
hydrolysis of structural carbohydrates because they also react 
with sulfuric acid.

The Technical Association of the Pulp and 
Paper Industry methods

As part of the primary goal of the pulp and paper industry to 
improve constantly the production yields of high-quality and 
high-strength pulp (i.e., bleachability and delignification), 
the Technical Association of the Pulp and Paper Industry 
(TAPPI) has developed the sector’s guidelines, standards, and 
methods for the compositional analysis of wood, pulp, and 
paper.34 The highly specific development of methods and 
standards for these three feedstocks is very positive for the 
pulp and paper sector as they can be adjusted for the intended 
purpose; however, their applicability is limited in other 
industries and feedstocks. The TAPPI methods do not follow 
a fixed standard sample preparation procedure. Instead, the 
sample preparation method is decided according to feedstock 
type (wood, pulp, or paper). Hence, extending the TAPPI 
methods to other feedstocks, such as lignocellulosic biomass 
and FW, would most likely lead to conflicting methods and, 
consequently, inconsistent results regarding extractives and 
the quantification of structural carbohydrates.

For example, Soxhlet extractions are applied as a 
preparatory step for the samples before all tests regarding 
pulp quality (including samples of wood, pulp, and paper). 
Thus, all extractives are measured gravimetrically, with no 
differentiation between polar and nonpolar substances.34 The 
analysis of structural carbohydrates is performed in a semi-
quantitative manner by identifying alpha, beta, and gamma 
cellulose (recommended for bleached or delignified pulps 
only), which are helpful in papermaking but are inaccurately 
associated with the actual the amounts of cellulose and 
hemicellulose. This is because structural carbohydrates 
are measured by determining the fractions that are either 
soluble or insoluble under a series of pH variations, with the 
analysis aimed at distinguishing between the amorphous and 
crystalline regions of cellulose.The aim of this method is to 
provide useful information for the pulp and paper industry, 

so TAPPI recommends its use only for bleached or delignified 
wood pulps.66 Other approximations have been proposed 
by TAPPI, including measuring pentosans and monomeric 
sugars. These are similar to the NREL-LAPs but without 
including SRS, resulting in underestimating sugars by not 
considering possible losses during hydrolysis.

Contrary to the recommendations made by TAPPI,34 
these methods have been used to measure the content of 
extractives, structural carbohydrates, and lignin in FW,67–76 
where interferences in the matrix during estimations may 
occur due to the presence of pectin and starch (which are not 
measured). Even though some analyses (e.g., total solids, ash, 
and lignin) are performed quantitatively, it is possible that 
the sum of all measurements might not result in a detailed 
and complete description of the composition using TAPPI 
methods. Some reports fail to achieve a complete SMC 
(~100%),67,68,73–75,77–79 and in the cases when a complete SMC 
has been achieved, the measurement of the protein content 
of the samples is missing.69–72 It is important to note that this 
method is the only one that does not include procedures to 
measure protein (Table 1).

The Van Soest method

The agricultural industry has aimed to describe forage 
digestion and its effects on animals’ nutrition. Van Soest (in 
1963) established a baseline of methods to quantify feeds’ 
composition,35 which have been modified over the years until 
1991.37 The methods focus on the compositional analysis in 
terms of the physical and biological properties relevant to the 
dietary balance of monogastric species and ruminants, which 
includes the study of forages and starchy foods and feeds.37 
Although the Van Soest method was the first approximation 
to determine fibrous and nonfibrous fractions of feedstocks, 
the same author emphasized (in the 1991 publication)37 
that this method was obsolete and should be regarded as 
a historical piece from which future procedures could be 
developed and improved. Nonetheless, several authors until 
this day continue to use Van Soest’s procedures to measure 
a wide variety of feedstocks, including foods,80 feeds,81,82 
forages,83 and wastes.84 In this method, samples are prepared 
by removing extractives, proteins, and starch, which are not 
quantified. The remaining fraction is called total dietary 
fiber (TDF) or crude fiber (CF) which consists of cellulose, 
hemicellulose, lignin, gums, β-glucans, pectin, and resistant 
starch.36,38 From this fraction, it is possible to determine 
the neutral detergent fiber (NDF) (mostly cellulose, 
hemicellulose, and lignin) and the acid detergent fiber (ADF) 
(cellulose, and lignin) using detergent solutions (Table 1). In 
all cases, the fiber fractions are used to calculate the difference 
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between the amount of cellulose, hemicellulose, and lignin; 
however, this way might be inadequate, as reported by Sluiter 
et al.,85 who demonstrated that the gravimetric quantification 
of the TDF, and NDF fractions is semiquantitative and cannot 
be correlated directly with the cellulose, hemicellulose, and 
lignin content. Another complication with this method is that 
it does not specify a standard sample preparation procedure, 
making comparisons between different authors difficult. 
Nonetheless, since Van Soest suggested a method for pectin 
quantification (Table 1), a first approximation to measuring 
all the soluble and nonsoluble fiber constituents was made, 
which could be helpful when describing FW.

Official methods of analysis of the 
Association of Official Agricultural 
Chemists

The contributions made by Van Soest to the agricultural 
industry resulted in collaboration with the Association of 
Official Agricultural Chemists (AOAC) to produce several 
AOAC Official Methods that have been continuously updated 
until the present day.86 The AOAC Official Methods include 
the study of forages, starchy foods, and feeds to identify 
relevant substances to mammalian digestibility. In the 
AOAC methods (Table 1), samples are prepared with food 
processors (grinders or blenders) to obtain a homogeneous 
mixture from which crude fats can be determined by Soxhlet 
extraction with petroleum ether. Total carbohydrates and 
WSC are calculated indirectly using the other measured 
components. In the AOAC methods, neither pectin nor WSC 
are measured, even though they are nutritionally relevant. 
The solid residue after the petroleum ether extraction can 
be used to quantify starch, crude protein (Kjeldahl method), 
TDF, NDF or Insoluble Dietary Fiber (IDF), Soluble Dietary 
Fiber (SDF), ADF, acid detergent lignin (ADL), and ash. The 
quantification process of the fiber fractions is accomplished 
by using different enzymes (heat-resistant and pancreatic 
amylases) that enhance starch removal. Some versions 
of the AOAC methods allow the quantification of starch 
in terms of resistant and nonresistant starch, which gives 
valuable nutritional information about the feedstocks (more 
information about the specific methods and their versions 
can be found in Supporting Information, Table S2). Different 
versions of these procedures have been published (the oldest 
version available is from 1984 and the most recent one was 
published in 2019), and authors have been using both oldest 
and updated versions of the methods, which increases the 
uncertainty of the comparisons that can be made. However, 
AOAC methods provide a useful approach to measuring 
starch in the composition of FW (mainly pomaces and seeds), 

enabling differentiation between glucose derived from this 
polymeric carbohydrate and that produced by acid hydrolysis 
of cellulose. A summary of the specific AOAC methods 
found in this review is presented in Supporting Information, 
Table S2.

Existing characterization methods

In general terms, the TAPPI, AOAC, and Van Soest methods 
are primarily semiquantitative protocols that were initially 
developed to provide the compositional analysis data of very 
particular biobased industries. However, they were never 
intended to characterize broader vegetal biomass types, which 
became a common trend in the scientific literature.62 It is 
important to note that neither of these procedures proposes 
methodologies to identify the nature of the extracted 
compounds (apart from the measurements of WSC of the 
NREL). Even though NREL procedures aim to explain all the 
biomass components quantitatively, there are possible errors 
when these protocols are used to measure complex feedstocks 
due to the presence of extractives, pectin, and starch. This is 
particularly relevant when the composition of the biomass 
varies considerably from the reference materials used to 
standardize each of the procedures, which are primarily 
conventional lignocellulosic feedstocks (wood and pruning 
residues). Nevertheless, valuable proposals to measure pectin 
and starch made in the Van Soest and AOAC methods could 
be used to enhance NREL procedures in a way that is useful 
for the characterization of FW.

Several authors have reported the composition of FW 
using the methods mentioned above. However, it is necessary 
to be careful when using these data, given each method’s 
limitations and disadvantages, as mentioned before and 
shown in Table 1. This information could be useful to provide 
an initial idea of the possible substances present in samples of 
FW but it would be insufficient and inadequate to use these 
characterization data in biorefineries. The following section 
will present a collection of compositional data reported in the 
literature gathered during the systematic review process.

Composition of fruit wastes as 
reported in the literature

The composition of FW, gathered from literature, is organized 
and displayed in Table 2 according to the NREL protocols, 
in Table 3 for TAPPI, and in Tables 4–6 for the AOAC and 
Van Soest methods (for peels, seeds, and mixed residues, 
respectively). The information for most NREL methods was 
related directly to chemical, biochemical and thermochemical 
valorization platforms. On the other hand, data gathered 
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reporting the TAPPI, Van Soest, and AOAC methods were 
used in applications associated with the elaboration of 
materials, foods, and feeds, limiting the area of application 
of the analyses reported to those particular industries. A 
decision matrix (Table 7) was included by the authors to 
show the convenience of the methodologies discussed for 
quantifying the compounds of FW and how they could 
complement each other. The decision matrix evaluated each 
method’s ability to quantify the substances present in biomass 
by assigning scores on a scale from 0 to 10 based on their 
performance.

Fruit waste was classified into peels, seeds or seed vessels, 
and pomace or mixed residues. Such waste has a high total 
carbohydrate content (61% to 97% in peels, 17% to 94% 
in seeds and seed vessels, and 52% to 92% in pomace and 
mixed residues) in dry weight. From these carbohydrates, 
pectin represents up to 29% of the composition of peels, 
11% in seeds and seed vessels, and 15% in pomace and 
mixed residues. Fiber could represent from 60% to 75% of 
the total carbohydrates, depending on the kind of FW. The 
composition of the remaining FW consists of extractives 
(0.1% to 38% in peels, 1% to 72% in seeds and seed vessels, 
and 0.1% to 78% in pomace and mixed residues), protein 
(0.1% to 13% in peels, 3.5% to 46% in seeds and seed 
vessels, and 0.35% to 18% in pomace and mixed residues), 
and ash (1% to 24% in peels, 0.5% to 8% in seeds and seed 
vessels, and 0.5% to 8.5% in pomace and mixed residues). 
The ranges listed for each substance were obtained from 
the values in Tables 2–6. It is important to note that the 
composition of pomace is highly variable and depends on the 
extraction processes and the nature of the biomasses (i.e., the 
proportions of peels, seeds, seed vessels, and remnant pulp in 
these mixtures).

Total carbohydrates and WSC

It is important to note that authors using NREL procedures 
do not explicitly report the WSC content (sucrose, lactose, 
glucose, fructose, and galactose) explicitly, as seen in Table 2. 
However, it is included as part of the total extractives 
content. The NREL procedures do not have a method 
to quantify pectin and starch. In this method, starch is 
hydrolyzed and quantified as glucan, which could cause an 
overestimation of cellulose content.65 Pectin is not included 
in the NREL procedures but some authors have employed 
different methodologies, reported in the literature, to obtain 
approximate content.

In the case of the TAPPI methods, as the presence of 
WSC, starch, and pectin are not expected in wood and 
pulp, they are not determined. This is a concerning point Fr
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considering that all biomasses in Table 3 could have some 
pectin (measured as galacturonic acid, glucuronic acid, and 
rhamnose in TAPPI T 24934) and starch content.

The content of WSC could contribute significantly to 
the total composition, with values reaching up to 82% in 
peels, 93% in seeds and seed vessels, and 92% in pomace 
and mixed residues (ranges obtained from Tables 4–6). 
However, the exact amount of WSC, as described in 
the AOAC methods, is unknown because this value is 
calculated straightfowardly and is not quantified45 by 
discounting crude fat, crude protein, and ash from the 
total weight of the sample.

Even though total carbohydrates and WSC represent most 
of FW composition, all procedures fail to describe them 
thoroughly. The WSC content in the NREL procedures is 
considered as part of the extractives, in the TAPPI methods 
it is not determined, and in the AOAC methods it is not 
measured but obtained indirectly. This fraction is very 
interesting for biofuels, materials, food and feed products, 
and other applications. Based on the NREL procedures, 
it would be convenient to quantify WSC using Soxhlet 
extraction and HPLC, due to its abundance in FW and its 
potential uses. To describe FW fully, it would be necessary to 

evaluate the effect of the extraction time using samples with 
a large amount of WSC (i.e., samples where pulp leftovers are 
abundant), which would be an improvement on the existing 
NREL procedure.

Quantifying starch is fundamental for an accurate 
representation of its composition – a challenging task 
considering that, in the NREL and TAPPI methods, 
this substance is usually not measured and it could also 
interfere with cellulose measurement.65 In the case of the 
AOAC methods, Tables 4–6 show that the starch content 
is reported only in three studies,175,184,193 which do not 
differentiate between resistant and nonresistant starch, 
essential to understand how starch is digested (in food and 
feed products). Nonetheless, most versions of the AOAC 
standards published since 1995 include procedures for starch 
removal and its colorimetric quantification before fiber 
measurements.45,52 Although most of the investigated studies 
using AOAC methods include treatments with amylases 
and amyloglucosidases to remove starch, its content is not 
reported in most cases which is counterintuitive because the 
AOAC methods are focused in food and feed products. The 
starch content was reported only for Juçara seed (~13%), 
grape pomace (2.3%), and apple pomace (0.2%).175,184,193 

Table 3. Reported composition of fruit wastes for the TAPPI methods (dry weight basis).
Fruit waste* Cellulose Hemicellulose Lignin Pectin Extractives Protein Ash SMC Reference
Açai seed 17.74 ± 0.11 56.55 ± 0.36 16.78 ± 0.10 NR NR NR NR 91.07 ± 0.57 [75]

Almond shells 18.19 ± 0.19 35.99 ± 1.23 31.24 ± 0.29 NR 3.11 ± 0.32e NR 0.81 ± 0.09 89.34 ± 2.12 [67]

Almond shells 23.7a 31.2a 28.8 1.4a 5.7b NR 0.7 91.5 [68]

Argania nutshells 48.10 7.56 34.58 NR NR NR 0.54 90.78 [77]

Banana peel 15.80 14.57 12.33 NR 57.3 NR 7.24 107.24 [76]

Cactus seeds 27.2 0.01 20 NR NR NR 3.28 50.49 [74]

Cactus seeds 27.17 ± 2.33 0.01 ± 0.00 37.25 ± 3.18 NR NR NR 3.28 ± 0.39 67.71 [79]

Date pits 21.2 28.1 19.9 NR NR NR NR 69.2 [78]

Jatropha curcas 55.52 16.88 21.38 NR NR NR 6.22 100 [69]

Olive pomace 13.8a 22.2a 31.2 0.5a 34.4b NR 7.3 109.4 [70]

Olive stones 15.3a 29.4a 42.1 1.1a 13.7b NR 0.6 102.2 [70]

Peach pits 56.7c (24.7d) 39.6 NR 3.5 NR 1.5 101.3 [71]

Pineapple waste 41.48 36.2 13.22 NR NR NR 6.05 96.95 [73]

Pineapple peel 42.14 22.88 11.08 NR 23.9 NR 9.18 109.78 [76]

Walnut shell 47.78c (26.51d) 49.18 NR NR NR 2.13 99.09 [72]

Walnut endocarp 21.7a 24.7a 29.9 3.3a 10.6b NR 0.7 90.9 [67]

Abbreviations: NR, not reported; SMC, summative mass closure.
aDetermined by HPLC or GC from structural monosaccharides produced in acid hydrolysis (TAPPI T 249): cellulose (glucose), hemicellulose 
(xylose, mannose, galactose, arabinose, and acetyl groups), pectin (rhamnose, galacturonic acid, and glucuronic acid).
bSoxhlet extraction with dichloromethane, ethanol, and water.
cHolocellulose.
dCellulose.
eEthanol-toluene extractives (TAPPI T244-om-93).
*Apart from olive pomace, pineapple waste/peel, and banana peel, the rest of the wastes presented here are seeds and seed vessels.
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Other reports mention that starch is in the remaining 
composition but did not provide further measurements.126,127

There is a lack of information on direct quantification of 
starch in all compositional analysis methods, which could 
lead to misleading information on potential uses of certain 
kinds of FW due to overquantification or underquantification 
of fiber, WSC, and starch. In this case, a suitable option to 
improve completeness and reliability of the compositional 
analysis of FW could be to include the most recent method 
for starch measurement reported by NREL, which could be 
considered an improvement of the AOAC methods (included 
in AOAC 2017.16) before fiber is measured. In the NREL 
methodology, it is necessary to remove starch enzymatically 
to quantify it using HPLC and to measure cellulose 
gravimetrically.65

Extractives

To determine extractives using the NREL protocol it is 
required to have samples with an extractives content lower 
than 10%.58 In cases where the extractives in the samples 
are greater than 10%, as seen in FW, the solid matrix 
of the biomass could still retain a significant amount of 
the extractives, which could lead to an underestimation 
of the actual content. This problem also occurs for the 
TAPPI methods, which use strong solvents (benzene, 
dichloromethane, hexane, and acetone) in contact with 
the sample for long periods (4–6 h).34 Similarly, the AOAC 
methods use Soxhlet extraction (4–16 h) (Supporting 
Information, Table S2) with petroleum ether, or with 
a mixture of chloroform, methanol, and water. These 
methodologies could also result in the underestimation 

of extractive content because the use of nonpolar solvents 
or solvent mixtures partially dissolves certain bioactive 
compounds from FW.210

In general, quantification of extractives could be improved 
by combining polar and nonpolar solvents while using 
different sequences (e.g., water, ethanol, and a nonpolar 
solvent) with long extraction times to maximize the removal 
of these substances. Measurements of WSC, polyphenols, 
fatty acids, triglycerides, diglycerides, and so on, need to be 
included in each fraction extracted; this could also help to 
evaluate better possible valorization alternatives and value-
added products. Bioactive compounds of interest should 
be identified and quantified carefully because they could 
increase profits further in biorefineries by having a high 
value, even though they could be present in relatively small 
amounts.112

Pectin

Another substance of much interest is pectin, which takes 
part in developing structures that provide structural stability 
and protection in plants. It has been observed that the pectin 
content can reach up to 35% in dicotyledonous plants, 2% 
to 10% in grasses, and 5% in wood tissue.211 For example, 
hazelnut pruning (a fruit harvesting residue) has a pectin 
content of 9.4%.108 This biopolymer is abundant in peels 
and pomace but almost absent in seeds and seed vessels. 
Consequently, some authors include a pectin quantification 
methodology when peels, pomace, and mixed residues are 
analyzed because pectin could contribute substantially to 
a complete composition description in these fractions. On 
the other hand, there is a tendency to avoid quantification 
in seeds where pectin could be present in negligible 
amounts.70,179

The methods reported for pectin quantification include 
gravimetric methods in which pectin is hydrolyzed with 
HCl and precipitated with ethanol118,169 and colorimetric 
methods to measure uronic acids using carbazole119,209 or m-
hydroxyphenyl.120,121,168 The gravimetric method is unreliable 
because it depends on the extraction conditions used, 
which, in most cases, could leave behind some pectin.212 
When carbazole is used, an unwanted reaction occurs with 
neutral sugars interfering with the measure of the pectin 
content.119 On the other hand, for m-hydroxyphenyl, it is 
still uncertain if complete hydrolysis of pectin is achieved.121 
Different approaches have been proposed to determine 
the total pectin content, including the quantification of 
fractions consisting of water-soluble pectin,120 oxalate-soluble 
pectin,168 ethylenediaminetetraacetic acid (EDTA)-soluble 
pectin,120 acid-soluble pectin,120 and nonextractable pectin 
(protopectin).118 However, a reliable methodology for pectin 

Table 7. Decision matrix comparing available 
methodologies for the characterization of fruit 
wastes.
Evaluation criteria NREL TAPPI Van 

Soest
AOAC

Sample preparation 10 3 3 3

Total solids 10 10 5 5

Ash 10 7 7 7

Protein 10 0 10 10

Extractives 7 3 0 5

Structural carbohydrates 7 3 3 3

Lignin 10 7 7 7

Starch 10 0 0 7

Pectin 0 0 5 0

Sum 74 33 40 47

Note: The scores represent how much a given method satisfies 
the specification: 0 = poor, 3 = fair, 5 = average, 7 = good, 
10 = excellent.
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quantification has not yet been standardized, as evidenced 
from the collected information. A possible solution for pectin 
quantification would be to use chemical and enzymatical 
hydrolysis steps combined with measurements of the 
individual constituents (mainly galacturonic acid, glucuronic 
acid, and rhamnose) by chromatography.

Methods of pectin quantification are relevant to identify 
new sources of this substance apart from orange peels and 
apple pomace – the most common raw materials used for 
the production of high-quality pectin. In the data reported 
for apple pomace, tomato pomace, walnut endocarp, and 
almond shells/endocarp (Tables 2 and 3), some authors do 
not achieve a complete summative mass closure.68,72,113 The 
missing fraction to complete the whole composition for those 
biomasses could be pectin because it was identified in them 
by other authors.67,114 In the AOAC methods (Tables 4–6), 
SDF is the fraction obtained in solution after treatment with 
a neutral detergent mixture that solubilizes pectin and β-
glucans. This allows us to hypothesize that most FW reported 
in this review contains considerable amounts of these 
substances.

Structural carbohydrates: cellulose and 
hemicellulose

The fiber content measured in FW (~60%–90% of their 
composition) makes evident the potential use of this 
biomass in a wide range of valorization platforms, which 
include the production of energy,88,102 materials,25 and 
biochemicals.98,115 The two-step acid hydrolysis used 
in NREL procedures includes a set of sugar-recovery 
standards to correct for overhydrolysis,60 allowing a 
good approximation of the relative amount of cellulose, 
hemicellulose, and lignin; however, the presence of starch 
in FW causes an overestimation of glucan.65 The method 
for fiber determination (TAPPI T 203) in TAPPI methods is 
only useful to measure the mechanical properties of woods 
and pulps, which is not appropriate for FW. However, an 
alternative method proposed by TAPPI could be TAPPI 
T 249, based on two-step acid hydrolysis.34 Nonetheless, 
this procedure does not consider sugar degradation during 
hydrolysis. Tables 4–6 show that some recent studies still 
report FW’s composition using the Van Soest method, which 
gives only a rough estimate of fiber content in terms of NDF, 
ADF, and ADL.

In the case of AOAC methods, some reports tend to 
measure fiber based on methods 930.10,195 962.09,155,174 
and 973.1882 (Supporting Information, Table S2), which 
use sodium hydroxide and sulfuric acid to determine 
crude fiber; however, these approaches do not give a clear 

idea of the distribution of the structural polysaccharides 
in the sample.85 Other reports use different versions 
of the methods based on the determination of soluble 
and insoluble fiber, such as methods 985.29 (the Prosky 
method),148,175 991.42,80,124,131 and 991.43 (the Lee 
method),183,185,196 and 2011.25 (the McCleary method).152 
Each procedure uses different enzymes and detergents, 
and has its own approximation to what components 
should be accounted for in the measured fractions 
(Supporting Information, Table S2).42,45,49 Although 
these methods differ slightly from each other and could 
be considered complementary, there is no guarantee 
that the fractions defined as NDF, IDF, and ADF in the 
AOAC methods (not a proper fiber fraction but just 
a preparatory step) are equivalent to glucan, xylan, 
mannan, arabinan, and galactan contents that are present 
in the sample.85 Sometimes, procedures that determine 
fructans, galactooligosaccharides, and resistant starch 
are included to describe the composition of samples 
better.213 At least 55% of the reports found in this 
review using AOAC methods do not specify the specific 
method used and only cite the year of publication; this 
demonstrates the problematic access to the latest versions 
of those procedures. As a result, information on fiber 
composition for FW using the AOAC method is not very 
reliable. Problems regarding these methodologies have 
been reported previously, describing the use of different 
proportions of reagents or samples, and diverse setups 
for filtration systems,214 which causes high variability for 
both within-laboratory and among-laboratory results.

The most complete approach to measure the fiber 
components is the one proposed by the NREL, which could 
be further improved by the quantitative determination of 
starch, pectin, fructans, β-glucans, and other substances, 
which, in turn, could interfere with the actual amounts of 
cellulose, hemicellulose, and lignin.65,85

Lignin

Lignin has multiple applications in biorefineries apart 
from its traditional use as fuel.70,111 The depolymerization 
of lignin is used to produce fuels and chemicals,111 and it 
can be transformed into different materials such as carbon 
fiber, plastics, elastomers, and foams.9 In general, lignin 
quantification is the last step and it is performed similarly 
for all quantification methodologies.16 This substance is 
measured gravimetrically from the residue left behind after 
acid hydrolysis.16

For biorefinery applications, it would be attractive to 
couple lignin quantification with the measurement of 
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the individual phenylpropanoids present in lignin (i.e., 
hydroxyphenyl, guaiacyl, and syringyl). The relative amounts 
of lignin constituents from different biomasses can be 
used as a valuable input – for example, in the design of 
composite materials215,216 and cosmetic products.217 Further 
understanding about the nature and specific characteristics 
of the lignin content present in FW would help in exploring 
new products that can be designed from them,218 which 
maximizes the value recovered from those wastes.

Protein

Considering that most data reported in the literature and 
gathered in this review for FW characterization does not 
include protein content, an overestimation of lignin content 
could be expected.16 Although the Kjeldahl method is widely 
used for protein measurement,16 a careful selection of the 
nitrogen-to-protein conversion factor is recommended.61 
Careful studies about the amino acid profile of each biomass 
are also highly recommended.

Ash

Finally, all procedures quantify ash at high temperatures 
(500–575 °C). Nevertheless, the most convenient form to 
measure ash is as NREL recommends. This method uses a 
temperature ramp that degrades the sample slowly, avoiding 
possible losses caused by rapid heating, which could result in 
underestimating the ash content. Short operation times are 
employed in both AOAC (Supporting Information, Table S2) 
and TAPPI methods, which could cause an overestimation 
of ash because a part of the sample (mostly fixed carbon) 
can remain unburnt. This problem can be fixed by using 
longer residence times to guarantee that samples of FW with 
high ash content (e.g., banana, dragon fruit, watermelon 
peels) are measured appropriately. Besides that, it must be 
considered that an ash content higher than 10% interferes 
with neutralization after acid hydrolysis due to the minerals 
present in samples, altering the amount of fiber measured.

Suggested sequence for chemical 
characterization of vegetable 
biomass including fruit wastes

Based on the information gathered and the discussions in 
the previous sections a possible sequence for a complete and 
reliable chemical characterization of the different fraction 
and components present in vegetable biomass, including 
FW, is presented in Fig. 4. The sequence was constructed by 
considering the presence of FW, like peels or seeds, in the 

biomass as critical points to decide wether to use alternative/
complementary quantification techniques that come from 
the techniques identified and described in this study (NREL, 
AOAC, TAPPI) and those that could be used for pectin. In 
the case of protein it is necessary to consider if the nitrogen 
source organic (e.g., proteins or amino acids present in the 
seed) or inorganic (nitrates or nitrites from soil/fertilizers) 
in order to distinguish what is truly available for recovering. 
Regarding extractives, it is necessary to use longer extraction 
times if the biomass has a content higher than 10%. For each 
extraction solvent, it is strongly recommended to determine 
extractive yields gravimetrically and recover aliquots for 
further analysis of bioactive compounds by HPLC or GC 
to ensure an accurate and comprehensive description of the 
fraction. Moreover, as pectin quantification methodologies 
are still to be standardized, it is suggested that at least two of 
the available methods should be used to have more certainty 
of its real content. Finally, the presence of starch on biomass 
requires not only using a method for its quantification (as 
in AOAC), but also a way to distinguish this substance from 
cellulosic glucan, which is clearly described by NREL.

Current knowledge gaps and future 
directions

Although significant progress has been made to determine 
the composition of FW, key challenges remain that limit 
its full valorization in biorefineries. One major issue is 
the absence of standardized and reliable methodologies 
for accurately quantifying pectin and starch, which are 
often underestimated or excluded. The development of 
robust carbohydrate analytical methods, including reliable 
approaches for the breakdown of pectin and chromatographic 
techniques for identifying and quantifying its constituents, is 
essential to address variability and improve the consistency of 
results. Current methodologies frequently neglect the effects 
of extractives, proteins, and ash, which interfere with acid 
hydrolysis and carbohydrate analysis, introducing errors in 
biomass characterization.

The underestimation of extractives due to the use of nonpolar 
solvents or solvent mixtures also highlights the need for 
methodologies that combine the quantification of both polar 
and nonpolar extractives while identifying individual bioactive 
compounds. Lignin characterization could also be improved 
by measuring the relative proportions of its phenylpropanoid 
units, which would enable the exploration of novel applications 
in areas such as composite materials and cosmetics.

Another critical gap is the limited availability of high-
quality compositional datasets for FW and vegetable biomass 
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in general. Expanding these datasets could facilitate a 
better understanding of FW’s potential as a feedstock for 
biorefineries through the use of machine-learning techniques. 
Moreover, including the characterization of other plant 
polysaccharides like inulin could further enhance the range of 
valorization possibilities.

It is essential to move beyond the segmented analysis 
of biomass fractions and adopt a holistic approach where 
biomass composition is fully described and summative 
mass closure is achieved. Such an approach would provide a 
comprehensive and standardized framework for evaluating 
FW and comparing different feedstocks. Addressing these 
gaps would not only improve the accuracy and reliability of 
FW compositional analysis but would also strengthen the 

foundation for designing sustainable and efficient biorefinery 
systems.

Concluding remarks

There is currently no definitive method that describes 
completely and accurately all substances present in FW. 
Several useful methodologies were identified in this 
literature study, which together could result in a more 
complete and reliable chemical characterization of FW. 
An improved set of procedures for compositional analysis 
of biomass should not consider substances as separate 
pieces from different puzzles but as chemical blocks that 
could, as a whole, be used in different industries. Finally, 

Figure 4. Proposed sequence for the characterization of vegetable biomass including FW.
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the compositional analysis procedure should not depend 
on the needs of specific industries and should, on the 
contrary, be constructed from a holistic approach that 
minimizes wastes and that employs multiple valorization 
platforms. To accomplish this, a standardized basis for 
complete and reliable characterization of the different 
fractions and components of FW would be a valuable 
tool to study distinct alternatives for the sustainable 
valorization of biomass and biorefinery systems.

References
	 1.	 Gunderson R, Stuart D, Petersen B and Yun SJ, Social 

conditions to better realize the environmental gains of 
alternative energy: degrowth and collective ownership. 
Futures 99:36–44 (2018).

	 2.	 Liska AJ and Heier CD, The limits to complexity: A 
thermodynamic history of bioenergy. Biofuels Bioprod 
Biorefin 7:573–581 (2013).

	 3.	 Fermoso FG, Serrano A, Alonso-Fariñas B, Fernández-
Bolaños J, Borja R and Rodríguez-Gutiérrez G, Valuable 
compound extraction, anaerobic digestion, and composting: 
A leading biorefinery approach for agricultural wastes. J 
Agric Food Chem 66:8451–8468 (2018).

	 4.	 Carmona-Cabello M, Garcia IL, Leiva-Candia D and Dorado 
MP, Valorization of food waste based on its composition 
through the concept of biorefinery. Curr Opin Green Sustain 
Chem 14:67–79 (2018).

	 5.	 Ayala-Zavala JF, Vega-Vega V, Rosas-Domínguez C, 
Palafox-Carlos H, Villa-Rodriguez JA, Siddiqui MW et al., 
Agro-industrial potential of exotic fruit byproducts as a 
source of food additives. Food Res Int 44:1866–1874 (2011).

	 6.	 Deng GF, Shen C, Xu XR, Kuang RD, Guo YJ, Zeng LS et al., 
Potential of fruit wastes as natural resources of bioactive 
compounds. Int J Mol Sci 13:8308–8323 (2012).

	 7.	 Food and agriculture Organization of the United Nations, 
FAOSTAT statistical database Available: http://​www.​fao.​org/​
faost​at/​en/​ (2019).

	 8.	 Zilly A, dos Santos Bazanella GC, Helm CV, Araújo CAV, 
de Souza CGM, Bracht A et al., Solid-state bioconversion 
of passion fruit waste by white-rot fungi for production 
of oxidative and hydrolytic enzymes. Food Bioproc Tech 
5:1573–1580 (2012).

	 9.	 Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen 
F, Davis MF et al., Lignin valorization: Improving lignin 
processing in the biorefinery. Science (80-) 344:1246843 
(2014).

	 10.	 Galvão JM, Silva TM, Silva WP, Pimentel PRS, Barbosa 
AM, Nascimento TVC et al., Intake, digestibility, ingestive 
behavior, and nitrogen balance of goats fed with diets 
containing residue from tamarind fruit. Tropl Anim Health 
Prod 52:257–264 (2020).

	 11.	 Leão DP, Franca AS, Oliveira LS, Bastos R and Coimbra MA, 
Physicochemical characterization, antioxidant capacity, total 
phenolic and proanthocyanidin content of flours prepared 
from pequi (Caryocar brasilense Camb.) fruit by-products. 
Food Chem 225:146–153 (2017).

	 12.	 Oberoi HS, Vadlani PV, Nanjundaswamy A, Bansal S, 
Singh S, Kaur S et al., Enhanced ethanol production from 
Kinnow mandarin (Citrus reticulata) waste via a statistically 
optimized simultaneous saccharification and fermentation 
process. Bioresour Technol 102:1593–1601 (2011).

	 13.	 Sarebanha S and Farhan A, Eco-friendly composite films 
based on polyvinyl alcohol and jackfruit waste flour. J 
Packag Technol Res 2:181–190 (2018).

	 14.	 Silva AFV, Santos LA, Valença RB, Porto TS, da Motta 
Sobrinho MA, Gomes GJC et al., Cellulase production to 
obtain biogas from passion fruit (Passiflora edulis) peel 
waste hydrolysate. J Environ Chem Eng 7:103510 (2019).

	 15.	 dos Santos LA, Valença RB, da Silva LCS, de Barros 
Holanda SH, da Silva AFV, Jucá JFT et al., Methane 
generation potential through anaerobic digestion of fruit 
waste. J Clean Prod 256:120389 (2020).

	 16.	 Sluiter JB, Ruiz RO, Scarlata CJ, Sluiter AD and Templeton 
DW, Compositional analysis of lignocellulosic feedstocks. 
1. Review and description of methods. J Agric Food Chem 
58:9043–9053 (2010).

	 17.	 Weihrauch JL and Teter BB, Fruit and vegetable by-products 
as sources of oil, in Technological Advances in Improved 
and Alternative Sources of Lipids. Springer US, Boston, MA, 
pp. 177–208 (1994).

	 18.	 Chen G-LL, Chen S-GG, Zhao Y-YY, Luo CX, Li J and Gao 
YQ, Total phenolic contents of 33 fruits and their antioxidant 
capacities before and after in vitro digestion. Ind Crops Prod 
57:150–157 (2014).

	 19.	 Kringel DH, Dias ARG, Zavareze E d R and Gandra EA, 
Fruit wastes as promising sources of starch: Extraction, 
properties, and applications. Starch/Staerke 72:1–9 (2020).

	 20.	 Müller-Maatsch J, Bencivenni M, Caligiani A, Tedeschi 
T, Bruggeman G, Bosch M et al., Pectin content and 
composition from different food waste streams in memory of 
Anna Surribas, scientist and friend. Food Chem 201:37–45 
(2016).

	 21.	 Durán-Aranguren DD, Toro-Delgado J, Núñez-Barrero V, 
Florez-Bulla V, Sierra R, Posada JA et al., Data clustering 
for classification of vegetable biomass from compositional 
data: A tool for biomass valorization. Biomass Bioenergy 
191:107447 (2024).

	 22.	 Moher D, Liberati A, Tetzlaff J, Altman DG and The PRISMA 
Group, Preferred reporting items for systematic reviews 
and meta-analyses: The PRISMA statement. PLoS Med 
6:e1000097 (2009).

	 23.	 Sticklen MB, Plant genetic engineering for biofuel 
production: Towards affordable cellulosic ethanol. Nat Rev 
Genet 9:433–443 (2008).

	 24.	 Holland C, Ryden P, Edwards CH and Grundy MML, 
Plant cell walls: Impact on nutrient bioaccessibility and 
digestibility. Foods 9:1–16 (2020).

	 25.	 Abdul Khalil HPS, Adnan AS, Yahya EB, Olaiya NG, Safrida 
S, Hossain MS et al., A review on plant cellulose nanofibre-
based aerogels for biomedical applications. Polymers 
(Basel) 12:1759 (2020). https://​doi.​org/​10.​3390/​polym​
12081759.

	 26.	 Renault H, Alber A, Horst NA, Basilio Lopes A, Fich EA, 
Kriegshauser L et al., A phenol-enriched cuticle is ancestral 
to lignin evolution in land plants. Nat Commun 8:14713 
(2017). https://​doi.​org/​10.​1038/​ncomm​s14713.

	 27.	 Loix C, Huybrechts M, Vangronsveld J, Gielen M, Keunen E 
and Cuypers A, Reciprocal interactions between cadmium-
induced cell wall responses and oxidative stress in plants. 
Front Plant Sci 8:1–19 (2017).

	 28.	 Vermaas JV, Dixon RA, Chen F, Mansfield SD, Boerjan W, 
Ralph J et al., Passive membrane transport of lignin-related 
compounds. Proc Natl Acad Sci USA 116:23117–23123 
(2019).

	 29.	 Hutzler P, Fischbach R, Heller W, Jungblut TP, Reuber S, 
Schmitz R et al., Tissue localization of phenolic compounds 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.fao.org/faostat/en/
http://www.fao.org/faostat/en/
https://doi.org/10.3390/polym12081759
https://doi.org/10.3390/polym12081759
https://doi.org/10.1038/ncomms14713


       © 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al. Review: Compositional analysis of fruit wastes

26

in plants by confocal laser scanning microscopy. J Exp Bot 
49:953–965 (1998).

	 30.	 Guzmán P, Fernández V, Graça J, Cabral V, Kayali N, Khayet 
M et al., Chemical and structural analysis of Eucalyptus 
globulus and E. camaldulensis leaf cuticles: A lipidized cell 
wall region. Front Plant Sci 5:1–12 (2014).

	 31.	 Ochoa-Villarreal M, Aispuro-Hernández E, Vargas-Arispuro I 
and Martínez-Téllez MÁ, Plant Cell Wall polymers: function, 
structure and biological activity of their derivatives, in 
Polymerization, ed. by De Souza Gomes A. InTech, London, 
pp. 63–86 (2012).

	 32.	 Yaqoob A, Shahid AA, Imran A, Sadaqat S, Liaqat A and 
Rao AQ, Dual functions of Expansin in cell wall extension 
and compression during cotton fiber development. Biologia 
(Bratisl) 75:2093–2101 (2020).

	 33.	 Tamayo Tenorio A, Kyriakopoulou KE, Suarez-Garcia E, 
van den Berg C and van der Goot AJ, Understanding 
differences in protein fractionation from conventional crops, 
and herbaceous and aquatic biomass—Consequences for 
industrial use. Trends Food Sci Technol 71:235–245 (2018).

	 34.	 TAPPI, TAPPI Test Methods, 1996–1997. TAPPI Press, 
Atlanta, GA (1996).

	 35.	 Van Soest PJ, Use of detergents in the analysis of fibrous 
feeds: II. A rapid method for the determination of fiber and 
lignin. J AOAC Int 46:829–835 (1963).

	 36.	 Goering HK and Van Soest PJ, Forage Fiber Analysis: 
Apparatus, reagents, Pocedures and some Applications. 
USDA-ARS Agric Handb, Washington DC, pp. 1–20 (1970).

	 37.	 Van Soest PJ, Robertson JB and Lewis BA, Methods 
for dietary fiber, neutral detergent fiber, and nonstarch 
polysaccharides in relation to animal nutrition. J Dairy Sci 
74:3583–3597 (1991).

	 38.	 Van Soest PJ, Collaborative study of acid-detergent fiber 
and lignin. J Assoc Off Anal Chem 56:781–784 (1973).

	 39.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 16th edn. AOAC 
International, Arlington, VA, USA (1997).

	 40.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 16th edn. AOAC 
International, Washington, DC (1999).

	 41.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 20th edn. AOAC 
International, Rockville, MD, USA (2016).

	 42.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 13th edn. AOAC 
International, Arlington, VA, USA (1980).

	 43.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 18th edn. AOAC 
International, Gaithersburg, MD, USA (2010).

	 44.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 16th edn. AOAC 
International, Gaithersburg, MD, USA (1998).

	 45.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 19th edn. AOAC 
International, Gaithersburg, MD, USA (2012).

	 46.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 18th edn. AOAC 
International, Washington, DC (2005).

	 47.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 18th edn. AOAC 
International, Gaithersburg, MD, USA (2006).

	 48.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 17th edn. AOAC 
International, Gaithersburg, MD, USA (2002).

	 49.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 15th edn. AOAC 
International, Washington, DC (1990).

	 50.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 14th edn. AOAC 
International, Washington, DC (1895).

	 51.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 17th edn. AOAC 
International, Gaithersburg, MD, USA (2000).

	 52.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 16th edn. AOAC 
International, Arlington, VA, USA (1995).

	 53.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 14th edn. AOAC 
International, Arlington, VA, USA (1984).

	 54.	 Hames B, Ruiz R, Scarlata C, Sluiter A, Sluiter J and 
Templeton D, Preparation of Samples for Compositional 
Analysis (NREL/TP-510-42620). National Renewable Energy 
Laboratory, Available: https://​www.​nrel.​gov/​docs/​gen/​fy08/​
42620.​pdf, Golden, CO (2008).

	 55.	 Sluiter A, Hames B, Hyman D, Payne C, Ruiz R, Scarlata C 
et al., Determination of Total Solids in Biomass and Total 
Dissolved Solids in Liquid Process Samples. National 
Renewable Energy Laboratory Available: https://​www.​nrel.​
gov/​docs/​gen/​fy13/​42618.​pdf, Golden, CO (2008).

	 56.	 Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J and 
Templeton D, Determination of Ash in Biomass. National 
Renewable Energy Laboratory Available: https://​www.​nrel.​
gov/​docs/​gen/​fy08/​42622.​pdf, Golden, CO (2008).

	 57.	 Hames B, Scarlata C and Sluiter A, Determination of 
Protein Content in Biomass (NREL/TP-510-42625). National 
Renewable Energy Laboratory, Golden, CO (2008).

	 58.	 Sluiter A, Ruiz R, Scarlata C, Sluiter J and Templeton 
D, Determination of Extractives in Biomass. National 
Renewable Energy Laboratory Available: https://​www.​nrel.​
gov/​docs/​gen/​fy08/​42619.​pdf, Golden, CO (2008).

	 59.	 Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton 
D et al., Determination of Structural Carbohydrates 
and Lignin in Biomass (NREL/TP-510-42618). National 
Renewable Energy Laboratory, Available: https://​www.​nrel.​
gov/​docs/​gen/​fy13/​42618.​pdf, Golden, CO (2012).

	 60.	 Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton 
D et al., Determination of Structural Carbohydrates and 
Lignin in Biomass. National Renewable Energy Laboratory 
Available: https://​www.​nrel.​gov/​docs/​gen/​fy13/​42618.​pdf, 
Golden, CO (2008).

	 61.	 Hames B, Scarlata C and Sluiter A, Determination of Protein 
Content in Biomass. National Renewable Energy Laboratory 
Available: https://​www.​nrel.​gov/​docs/​gen/​fy08/​42625.​pdf, 
Golden, CO (2008).

	 62.	 Burkhardt S, Kumar L, Chandra R and Saddler J, How 
effective are traditional methods of compositional analysis 
in providing an accurate material balance for a range of 
softwood derived residues? Biotechnol Biofuels 6:90 (2013).

	 63.	 Krasznai DJ, Champagne Hartley R, Roy HM, Champagne 
P and Cunningham MF, Compositional analysis of 
lignocellulosic biomass: Conventional methodologies and 
future outlook. Crit Rev Biotechnol 38:199–217 (2018).

	 64.	 Payne CE and Wolfrum EJ, Rapid analysis of composition 
and reactivity in cellulosic biomass feedstocks with near-
infrared spectroscopy. Biotechnol Biofuels 8:43 (2015).

	 65.	 Michel K, Sluiter J, Payne C, Ness R, Thornton B, Reed M 
et al., Determination of Cellulosic Glucan Content in Starch 
Containing Feedstocks (NREL/TP-2800-76724). National 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.nrel.gov/docs/gen/fy08/42620.pdf
https://www.nrel.gov/docs/gen/fy08/42620.pdf
https://www.nrel.gov/docs/gen/fy13/42618.pdf
https://www.nrel.gov/docs/gen/fy13/42618.pdf
https://www.nrel.gov/docs/gen/fy08/42622.pdf
https://www.nrel.gov/docs/gen/fy08/42622.pdf
https://www.nrel.gov/docs/gen/fy08/42619.pdf
https://www.nrel.gov/docs/gen/fy08/42619.pdf
https://www.nrel.gov/docs/gen/fy13/42618.pdf
https://www.nrel.gov/docs/gen/fy13/42618.pdf
https://www.nrel.gov/docs/gen/fy13/42618.pdf
https://www.nrel.gov/docs/gen/fy08/42625.pdf


© 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al.Review: Compositional analysis of fruit wastes

27

Renewable Energy Laboratory Available: https://​www.​nrel.​
gov/​docs/​fy21o​sti/​76724.​pdf, Golden, CO (2021).

	 66.	 TAPPI, Alpha-, beta- and Gama-cellulose in pulp (test 
method T 203 cm-99), in TAPPI Test Methods. Technicall 
Association of the Pulp and Paper Industry, Atlanta, GA, 
USA (1999).

	 67.	 de Hoyos-Martínez PL, Erdocia X, Charrier-El Bouhtoury 
F, Prado R and Labidi J, Multistage treatment of almonds 
waste biomass: Characterization and assessment of the 
potential applications of raw material and products. Waste 
Manag 80:40–50 (2018).

	 68.	 Queirós CSGP, Cardoso S, Lourenço A, Ferreira J, Miranda 
I, Lourenço MJV et al., Characterization of walnut, almond, 
and pine nut shells regarding chemical composition and 
extract composition. Biomass Conv Bioref 10:175–188 
(2019).

	 69.	 Kaewpengkrow P, Atong D and Sricharoenchaikul V, Effect 
of metal oxide/alumina on catalytic deoxygentation of 
biofuel from physic nut residues pyrolysis. Int J Hydrogen 
Energy 42:19629–19640 (2017).

	 70.	 Miranda I, Simões R, Medeiros B, Nampoothiri KM, 
Sukumaran RK, Rajan D et al., Valorization of lignocellulosic 
residues from the olive oil industry by production of 
lignin, glucose and functional sugars. Bioresour Technol 
292:121936 (2019).

	 71.	 Wechsler A, Molina J, Cayumil R, Núñez Decap M and 
Ballerini-Arroyo A, Some properties of composite panels 
manufactured from peach (Prunus persica) pits and 
polypropylene. Compos Part B Eng 175:107152 (2019). 
https://​doi.​org/​10.​1016/j.​compo​sitesb.​2019.​107152.

	 72.	 Ayrilmis N, Kaymakci A and Ozdemir F, Physical, 
mechanical, and thermal properties of polypropylene 
composites filled with walnut shell flour. J Ind Eng Chem 
19:908–914 (2013).

	 73.	 Aili Hamzah AF, Hamzah MH, Mazlan NI, Che Man H, 
Jamali NS, Siajam SI et al., Optimization of subcritical water 
pre-treatment for biogas enhancement on co-digestion of 
pineapple waste and cow dung using the response surface 
methodology. Waste Manag 150:98–109 (2022).

	 74.	 Ait Benhamou A, Boussetta A, Kassab Z, Nadifiyine 
M, Hamid Salim M, Grimi N et al., Investigating the 
characteristics of cactus seeds by-product and their use 
as a new filler in phenol formaldehyde wood adhesive. Int J 
Adhes 110:102940 (2021).

	 75.	 Alves JLF, Da Silva JCG, Di Domenico M, Galdino WVDA, 
Andersen SLF, Alves RF et al., Exploring Açaí seed (Euterpe 
oleracea) pyrolysis using multi-component kinetics and 
thermodynamics assessment towards its bioenergy 
potential. Bioenergy Res 14:209–225 (2021).

	 76.	 Tyagi U and Anand N, Single-pot conversion of fruit 
peel waste to 5-hydroxymethylfurfural catalyzed by 
modified activated carbon in green solvent: kinetics and 
thermodynamic study. Biomass Conv Bioref 12:469–489 
(2022).

	 77.	 Bensalah H, Raji M, Gueraoui K, Khtira A, Essabir H, Bouhfid 
R et al., Effect of filler content on flexural and viscoelastic 
properties of coir fibers and Argania nut-shells reinforced 
phenolic resin composites. J Bionic Eng 19:1886–1898 
(2022).

	 78.	 Wahib SA, Da’na DA and Al-Ghouti MA, Insight into the 
extraction and characterization of cellulose nanocrystals 
from date pits. Arab J Chem 15:103650 (2022).

	 79.	 Ait Benhamou A, Kassab Z, Boussetta A, Salim MH, Ablouh 
EH, Nadifiyine M et al., Beneficiation of cactus fruit waste 
seeds for the production of cellulose nanostructures: 

Extraction and properties. Int J Biol Macromol 203:302–311 
(2022).

	 80.	 Dias PGI, Sajiwanie JWA and Rathnayaka RMUSK, Chemical 
composition, physicochemical and technological properties 
of selected fruit peels as a potential food source. Int J Fruit 
Sci 20:S240–S251 (2020).

	 81.	 Almeida JCS, de Figueiredo DM, de Azevedo KK, Paixão 
ML, Ribeiro EG and Dallago GM, Intake, digestibility, 
microbial protein production, and nitrogen balance of lambs 
fed with sorghum silage partially replaced with dehydrated 
fruit by-products. Tropl Anim Health Prod 51:619–627 (2019).

	 82.	 Mazza PHS, Jaeger SMPL, Silva FL, Barbosa AM, 
Nascimento TVC, Hora DIC et al., Effect of dehydrated 
residue from acerola (Malpighia emarginata DC.) fruit pulp in 
lamb diet on intake, ingestive behavior, digestibility, ruminal 
parameters and N balance. Livest Sci 233:103938 (2020).

	 83.	 Ben Meir YA, Nikbachat M, Portnik Y, Jacoby S, Adin G, 
Moallem U et al., Effect of forage-to-concentrate ratio on 
production efficiency of low-efficient high-yielding lactating 
cows. Animal 15:100012 (2021).

	 84.	 El Achkar JH, Lendormi T, Hobaika Z, Salameh D, Louka N, 
Maroun RG et al., Anaerobic digestion of grape pomace: 
Biochemical characterization of the fractions and methane 
production in batch and continuous digesters. Waste Manag 
50:275–282 (2016).

	 85.	 Sluiter A, Sluiter J and Wolfrum EJ, Methods for biomass 
compositional analysis, in Catalysis for the Conversion of 
Biomass and Its Derivatives. Max Planck Institute for the 
History of Science, Berlin, (2013).

	 86.	 AOAC International, Official Methods of Analysis, 21st edn. 
Rockville, Maryland. (2019), Available: https://​www.​aoac.​org/​
offic​ial-​metho​ds-​of-​analy​sis-​21st-​editi​on-​2019/​ 14 February 
2021.

	 87.	 Dávila JA, Rosenberg M, Castro E and Cardona CA, A model 
biorefinery for avocado (Persea americana mill.) processing. 
Bioresour Technol 243:17–29 (2017).

	 88.	 Achinas S, Krooneman J and Euverink GJW, Enhanced 
biogas production from the anaerobic batch treatment of 
Banana peels. Engineering 5:970–978 (2019).

	 89.	 Gurram R, Al-Shannag M, Knapp S, Das T, Singsaas E and 
Alkasrawi M, Technical possibilities of bioethanol production 
from coffee pulp: a renewable feedstock. Clean Technol 
Environ Policy 18:269–278 (2016).

	 90.	 John I, Pola J, Thanabalan M and Appusamy A, Bioethanol 
production from Musambi Peel by acid catalyzed steam 
pretreatment and enzymatic Saccharification: Optimization 
of delignification using Taguchi design. Waste and Biomass 
Valorization 11:2631–2643 (2019).

	 91.	 Lachos-Perez D, Baseggio AM, Mayanga-Torres PC, 
Maróstica MR Junior, Rostagno MA, Martínez J et al., 
Subcritical water extraction of flavanones from defatted 
orange peel. J Supercrit Fluids 138:7–16 (2018).

	 92.	 Jiménez-Castro MP, Buller LS, Zoffreo A, Timko MT 
and Forster-Carneiro T, Two-stage anaerobic digestion 
of orange peel without pre-treatment: Experimental 
evaluation and application to São Paulo state. J Environ 
Chem Eng 8:104035 (2020). https://​doi.​org/​10.​1016/j.​jece.​
2020.​104035.

	 93.	 de la Torre I, Ravelo M, Segarra S, Tortajada M, Santos VE 
and Ladero M, Study on the effects of several operational 
variables on the enzymatic batch saccharification of orange 
solid waste. Bioresour Technol 245:906–915 (2017).

	 94.	 Senit JJ, Velasco D, Gomez Manrique A, Sanchez-Barba M, 
Toledo JM, Santos VE et al., Orange peel waste upstream 
integrated processing to terpenes, phenolics, pectin and 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.nrel.gov/docs/fy21osti/76724.pdf
https://www.nrel.gov/docs/fy21osti/76724.pdf
https://doi.org/10.1016/j.compositesb.2019.107152
https://www.aoac.org/official-methods-of-analysis-21st-edition-2019/
https://www.aoac.org/official-methods-of-analysis-21st-edition-2019/
https://doi.org/10.1016/j.jece.2020.104035
https://doi.org/10.1016/j.jece.2020.104035


       © 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al. Review: Compositional analysis of fruit wastes

28

monosaccharides: Optimization approaches. Ind Crops 
Prod 134:370–381 (2019).

	 95.	 Banerjee S, Patti AF, Ranganathan V and Arora A, 
Hemicellulose based biorefinery from pineapple 
peel waste: Xylan extraction and its conversion into 
xylooligosaccharides. Food Bioprod Process 117:38–50 
(2019).

	 96.	 Pereira PHF, Arantes V, Pereira B, Ornaghi HL Jr, de Oliveira 
DM, Santagneli SH et al., Effect of the chemical treatment 
sequence on pineapple peel fiber: Chemical composition 
and thermal degradation behavior. Cellul 29:8587–8598 
(2022).

	 97.	 Talekar S, Patti AF, Vijayraghavan R and Arora A, Complete 
utilization of waste pomegranate peels to produce a 
hydrocolloid, Punicalagin rich Phenolics, and a hard carbon 
electrode. ACS Sustain Chem Eng 6:16363–16374 (2018).

	 98.	 Talekar S, Patti AF, Vijayraghavan R and Arora A, An 
integrated green biorefinery approach towards simultaneous 
recovery of pectin and polyphenols coupled with bioethanol 
production from waste pomegranate peels. Bioresour 
Technol 266:322–334 (2018).

	 99.	 Maciel-Silva FW, Mussatto SI and Forster-Carneiro T, 
Integration of subcritical water pretreatment and anaerobic 
digestion technologies for valorization of açai processing 
industries residues. J Clean Prod 228:1131–1142 (2019).

	100.	 Poveda-Giraldo JA, Piedrahita-Rodríguez S, Salgado 
Aristizabal N, Salas-Moreno M and Cardona Alzate CA, 
Prefeasibility analysis of small-scale biorefineries: the 
annatto and açai case to improve the incomes of rural 
communities. Biomass Conv Bioref 14:12227–12252 (2022). 
https://​doi.​org/​10.​1007/​s1339​9-​022-​03479​-​w.

	101.	 Poveda-Giraldo JA, Salgado-Aristizabal N, Piedrahita-
Rodriguez S, Ortiz-Sanchez M, Ledezma Rentería ED, 
Orrego Alzate CE et al., Improving small-scale value chains 
in tropical forests. The Colombian case of annatto and Açai. 
Waste Biomass Valoriz 14:3297–3313 (2022). https://​doi.​org/​
10.​1007/​s1264​9-​022-​02002​-​6.

	102.	 Bateni H, Karimi K, Zamani A and Benakashani F, Castor 
plant for biodiesel, biogas, and ethanol production with a 
biorefinery processing perspective. Appl Energy 136:14–22 
(2014).

	103.	 da Costa NC, de Araújo Padilha CE, de Jesus AA, de 
Santana Souza DF, de Assis CF, de Sousa Junior FC et al., 
Pressurized pretreatment and simultaneous saccharification 
and fermentation with in situ detoxification to increase 
bioethanol production from green coconut fibers. Ind Crops 
Prod 130:259–266 (2019).

	104.	 Wang HMD, Cheng YS, Huang CWH and Huang C-
W, Optimization of high solids dilute acid hydrolysis of 
spent coffee ground at mild temperature for enzymatic 
Saccharification and microbial oil fermentation. Appl 
Biochem Biotechnol 180:753–765 (2016).

	105.	 Ballesteros LF, Teixeira JA and Mussatto SI, Chemical, 
functional, and structural properties of spent coffee grounds 
and coffee Silverskin. Food Bioproc Tech 7:3493–3503 
(2014).

	106.	 Baêta BEL, Cordeiro PH d M, Passos F, Gurgel LVA, 
de Aquino SF and Fdz-Polanco F, Steam explosion 
pretreatment improved the biomethanization of coffee 
husks. Bioresour Technol 245:66–72 (2017).

	107.	 Branco PC, Dionísio AM, Torrado I, Carvalheiro F, Castilho 
PC and Duarte LC, Autohydrolysis of Annona cherimola 
mill. Seeds: Optimization, modeling and products 
characterization. Biochem Eng J 104:2–9 (2015).

	108.	 Surek E and Buyukkileci AO, Production of 
xylooligosaccharides by autohydrolysis of hazelnut (Corylus 
avellana L.) shell. Carbohydr Polym 174:565–571 (2017).

	109.	 Lama-Muñoz A, Romero-García JM, Cara C, Moya M and 
Castro E, Low energy-demanding recovery of antioxidants 
and sugars from olive stones as preliminary steps in the 
biorefinery context. Ind Crops Prod 60:30–38 (2014).

	110.	 Hernández V, Romero-García JM, Dávila JA, Castro E 
and Cardona CA, Techno-economic and environmental 
assessment of an olive stone based biorefinery. Resour 
Conserv Recycl 92:145–150 (2014).

	111.	 Li W, Amos K, Li M, Pu Y, Debolt S, Ragauskas AJ et al., 
Fractionation and characterization of lignin streams from 
unique high-lignin content endocarp feedstocks. Biotechnol 
Biofuels 11:1–14 (2018).

	112.	 Dávila JA, Rosenberg M and Cardona CA, A biorefinery 
for efficient processing and utilization of spent pulp 
of Colombian Andes berry (Rubus glaucus Benth.): 
Experimental, techno-economic and environmental 
assessment. Bioresour Technol 223:227–236 (2017).

	113.	 Hijosa-Valsero M, Paniagua-García AI and Díez-Antolínez 
R, Biobutanol production from apple pomace: The 
importance of pretreatment methods on the fermentability of 
lignocellulosic agro-food wastes. Appl Microbiol Biotechnol 
101:8041–8052 (2017).

	114.	 Magyar M, da Costa SL, Jin M, Sarks C and Balan V, 
Conversion of apple pomace waste to ethanol at industrial 
relevant conditions. Appl Microbiol Biotechnol 100:7349–
7358 (2016).

	115.	 Jin Q, Neilson AP, Stewart AC, O’Keefe SF, Kim YT, McGuire 
M et al., Integrated approach for the valorization of red 
grape pomace: Production of oil, polyphenols, and acetone–
butanol–ethanol. ACS Sustain Chem Eng 6:16279–16286 
(2018).

	116.	 Ge X, Matsumoto T, Keith L and Li Y, Biogas energy 
production from tropical biomass wastes by anaerobic 
digestion. Bioresour Technol 169:38–44 (2014).

	117.	 Allison BJ, Cádiz JC, Karuna N, Jeoh T and Simmons CW, 
The effect of ionic liquid pretreatment on the bioconversion 
of tomato processing waste to fermentable sugars and 
biogas. Appl Biochem Biotechnol 179:1227–1247 (2016).

	118.	 Sudhakar DV and Maini SB, Isolation and characterization 
of mango peel pectins. J Food Process Preserv 24:209–227 
(2000).

	119.	 Bitter T and Muir HM, A modified uronic acid carbazole 
reaction. Anal Biochem 4:330–334 (1962).

	120.	 Rosli HG, Civello PM and Martínez GA, Changes in cell 
wall composition of three Fragaria x ananassa cultivars 
with different softening rate during ripening. Plant Physiol 
Biochem 42:823–831 (2004).

	121.	 Melton LD and Smith BG, Determination of the uronic acid 
content of plant cell walls using a colorimetric assay. Curr 
Protoc Food Anal Chem 1:E3.3.1–E3.3.4 (2001).

	122.	 Tome AC, Mársico ET, da Silva FA, Kato L, do Nascimento 
TP and Monteiro MLG, Achachairú (Garcinia humilis): 
Chemical characterization, antioxidant activity and mineral 
profile. J Food Meas Charact 13:213–221 (2019).

	123.	 Kurhade A, Patil S, Sonawane SK, Waghmare JS and Arya 
SS, Effect of banana peel powder on bioactive constituents 
and microstructural quality of chapatti: Unleavened Indian 
flat bread. J Food Meas Charact 10:32–41 (2016).

	124.	 Eshak NS, Sensory evaluation and nutritional value of balady 
flat bread supplemented with banana peels as a natural 
source of dietary fiber. Ann Agric Sci 61:229–235 (2016).

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s13399-022-03479-w
https://doi.org/10.1007/s12649-022-02002-6
https://doi.org/10.1007/s12649-022-02002-6


© 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al.Review: Compositional analysis of fruit wastes

29

	125.	 Lee EH, Yeom HJ, Ha MS and Bae DH, Development of 
banana peel jelly and its antioxidant and textural properties. 
Food Sci Biotechnol 19:449–455 (2010).

	126.	 Oberoi HS, Vadlani PV, Saida L, Bansal S and Hughes JD, 
Ethanol production from banana peels using statistically 
optimized simultaneous saccharification and fermentation 
process. Waste Manag 31:1576–1584 (2011).

	127.	 Oberoi HS, Sandhu SK and Vadlani PV, Statistical 
optimization of hydrolysis process for banana peels using 
cellulolytic and pectinolytic enzymes. Food Bioprod Process 
90:257–265 (2012).

	128.	 Al Amin Leamon AKM, Venegas MP, Orsat V, Auclair K and 
Dumont MJ, Semisynthetic transformation of banana peel to 
enhance the conversion of sugars to 5-hydroxymethylfurfural. 
Bioresour Technol 362:127782 (2022).

	129.	 Malakar B, Das D and Mohanty K, Utilization of chlorella 
biomass grown in waste peels-based substrate for 
simultaneous production of biofuel and value-added 
products under microalgal biorefinery approach. Waste 
Biomass Valoriz 14:3589–3601 (2023). https://​doi.​org/​10.​
1007/​s1264​9-​023-​02058​-​y.

	130.	 Kabir MR, Hasan MM, Islam MR, Haque AR and Hasan 
SMK, Formulation of yogurt with banana peel extracts 
to enhance storability and bioactive properties. J Food 
Process Preserv 45:e15191 (2021).

	131.	 Diaz-Vela J, Totosaus A, Cruz-Guerrero AE and de Lourdes 
Pérez-Chabela M, In vitro evaluation of the fermentation 
of added-value agroindustrial by-products: Cactus pear 
(Opuntia ficus-indica L.) peel and pineapple (Ananas 
comosus) peel as functional ingredients. Int J Food Sci 
Technol 48:1460–1467 (2013).

	132.	 Perin EC, Heidmann PM, Patel V, Barbosa JS, Pieta F, 
Lucchetta L et al., Cajá-manga peel: Evolution of sensory, 
chemical and physical characteristics from flour to bread 
production. J Food Meas Charact 15:3931–3941 (2021).

	133.	 Utpott M, Ramos de Araujo R, Galarza Vargas C, 
Nunes Paiva AR, Tischer B, de Oliveira Rios A et al., 
Characterization and application of red pitaya (Hylocereus 
polyrhizus) peel powder as a fat replacer in ice cream. J 
Food Process Preserv 44:1–10 (2020).

	134.	 Zaid RM, Mishra P, Siti Noredyani AR, Tabassum S, Ab 
Wahid Z and Mimi Sakinah AM, Proximate characteristics 
and statistical optimization of ultrasound-assisted extraction 
of high-methoxyl-pectin from Hylocereus polyrhizus peels. 
Food Bioprod Process 123:134–149 (2020).

	135.	 Shen J, Zhao C, Liu Y, Zhang R, Liu G and Chen C, Biogas 
production from anaerobic co-digestion of durian shell with 
chicken, dairy, and pig manures. Energ Conver Manage 
198:1–10 (2019).

	136.	 de Almeida J d SO, Dias CO, Arriola NDA, de Freitas 
BSM, de Francisco A, Petkowicz CLO et al., Feijoa (Acca 
sellowiana) peel flours: A source of dietary fibers and 
bioactive compounds. Food Biosci 38:100789 (2020).

	137.	 Abreu J, Quintino I, Pascoal G, Postingher B, Cadena R 
and Teodoro A, Antioxidant capacity, phenolic compound 
content and sensory properties of cookies produced from 
organic grape peel (Vitis labrusca) flour. Int J Food Sci 
Technol 54:1215–1224 (2019).

	138.	 Saikia S and Mahanta CL, In vitro physicochemical, 
phytochemical and functional properties of fiber rich 
fractions derived from by-products of six fruits. J Food Sci 
Technol 53:1496–1504 (2016).

	139.	 Oladunjoye AO, Eziama SC and Aderibigbe OR, Proximate 
composition, physical, sensory and microbial properties 

of wheat-hog plum bagasse composite cookies. LWT 
141:111038 (2021).

	140.	 Priyatharishini M and Mokhtar NM, Performance of jackfruit 
(Artocarpus heterophyllus) peel coagulant in turbidity 
reduction under different pH of wastewater. Mater Today 
Proc 46:1818–1823 (2021).

	141.	 Li P-J, Xia J-L, Shan Y, Nie ZY, Su DL, Gao QR et al., 
Optimizing production of pectinase from orange peel 
by Penicillium oxalicum PJ02 using response surface 
methodology. Waste Biomass Valoriz 6:13–22 (2015).

	142.	 Jiménez Nempeque LV, Gómez Cabrera ÁP and Colina 
Moncayo JY, Evaluation of Tahiti lemon shell flour (Citrus 
latifolia Tanaka) as a fat mimetic. J Food Sci Technol 
58:720–730 (2021).

	143.	 Khandare RD, Tomke PD and Rathod VK, Kinetic modeling 
and process intensification of ultrasound-assisted extraction 
of d-limonene using citrus industry waste. Chem Eng 
Process-Process Intensif 159:108181 (2021).

	144.	 Sandhu SK, Oberoi HS, Dhaliwal SS, Babbar N, Kaur U, 
Nanda D et al., Ethanol production from Kinnow mandarin 
(Citrus reticulata) peels via simultaneous saccharification 
and fermentation using crude enzyme produced by 
Aspergillus oryzae and the thermotolerant Pichia kudriavzevii 
strain. Ann Microbiol 62:655–666 (2012).

	145.	 Heena H, Kaushal S, Kalia A and Kaur V, Proximate, mineral, 
chemical composition, antioxidant and antimicrobial 
potential of dropped fruits of Citrus reticulata Blanco. J Food 
Meas Charact 16:4303–4317 (2022).

	146.	 Safdar MN, Kausar T and Nadeem M, Comparison of 
ultrasound and maceration techniques for the extraction of 
polyphenols from the mango Peel. J Food Process Preserv 
41:1–13 (2017). https://​doi.​org/​10.​1111/​jfpp.​13028​.

	147.	 Torres-León C, Vicente AA, Flores-López ML, Rojas R, 
Serna-Cock L, Alvarez-Pérez OB et al., Edible films and 
coatings based on mango (var. Ataulfo) by-products to 
improve gas transfer rate of peach. LWT 97:624–631 (2018).

	148.	 Sánchez-Camargo A d P, Gutiérrez LF, Vargas SM, 
Martinez-Correa HA, Parada-Alfonso F and Narváez-Cuenca 
CE, Valorisation of mango peel: Proximate composition, 
supercritical fluid extraction of carotenoids, and application 
as an antioxidant additive for an edible oil. J Supercrit Fluids 
152:104574 (2019).

	149.	 Lasano NF, Hamid AH, Karim R, Pak Dek MS, Shukri R and 
Ramli NS, Nutritional composition, anti-diabetic properties 
and identification of active compounds using UHPLC-ESI-
Orbitrap-MS/MS in Mangifera odorata L. Peel and seed 
kernel. Molecules 24:320 (2019). https://​doi.​org/​10.​3390/​
molec​ules2​4020320.

	150.	 Kaur B, Panesar PS and Thakur A, Extraction and evaluation 
of structural and physicochemical properties of dietary fiber 
concentrate from mango peels by using green approach. 
Biomass Conv Bioref 11:1–10 (2021). https://​doi.​org/​10.​1007/​
s1339​9-​021-​01740​-​2.

	151.	 Al-Sayed HMA and Ahmed AR, Utilization of watermelon 
rinds and sharlyn melon peels as a natural source of dietary 
fiber and antioxidants in cake. Ann Agric Sci 58:83–95 
(2013).

	152.	 Garcia-Amezquita LE, Tejada-Ortigoza V, Pérez-Carrillo 
E, Serna-Saldívar SO, Campanella OH and Welti-Chanes 
J, Functional and compositional changes of orange peel 
fiber thermally-treated in a twin extruder. LWT 111:673–681 
(2019).

	153.	 Milala MA, Yakubu M, Burah B, Laminu HH and Bashir 
H, Production and optimization of single cell protein from 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s12649-023-02058-y
https://doi.org/10.1007/s12649-023-02058-y
https://doi.org/10.1111/jfpp.13028
https://doi.org/10.3390/molecules24020320
https://doi.org/10.3390/molecules24020320
https://doi.org/10.1007/s13399-021-01740-2
https://doi.org/10.1007/s13399-021-01740-2


       © 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al. Review: Compositional analysis of fruit wastes

30

orange peels by Saccharomyces cerevisiae. J Biosci 
Biotechnol Discov 3:99–104 (2018).

	154.	 Oberoi HS, Vadlani PV, Madl RL, Saida L and Abeykoon JP, 
Ethanol production from orange peels: Two-stage hydrolysis 
and fermentation studies using optimized parameters 
through experimental design. J Agric Food Chem 58:3422–
3429 (2010).

	155.	 da Silva Alves PL, Berrios Jose JDJ, Pan J and Ascheri JLR, 
Passion fruit shell flour and rice blends processed into fiber-
rich expanded extrudates. CYTA-J Food 16:901–908 (2018).

	156.	 Duarte Y, Chaux A, Lopez N, Largo E, Ramírez C, Nuñez H 
et al., Effects of blanching and hot air drying conditions on 
the physicochemical and technological properties of yellow 
passion fruit (Passiflora edulis Var. Flavicarpa) by-products. 
J Food Process Eng 40:1–9 (2017).

	157.	 Hernández-Santos B, de los Ángeles Vivar-Vera M, 
Rodríguez-Miranda J, Herman-Lara E, Torruco-Uco JG, 
Acevedo-Vendrell O et al., Dietary fibre and antioxidant 
compounds in passion fruit (Passiflora edulis f. flavicarpa) 
peel and depectinised peel waste. Int J Food Sci Technol 
50:268–274 (2015).

	158.	 Almeida JM, Lima VA, Giloni-Lima PC and Knob A, Canola 
meal as a novel substrate for β-glucosidase production 
by Trichoderma viride: Application of the crude extract to 
biomass saccharification. Bioprocess Biosyst Eng 38:1889–
1902 (2015).

	159.	 dos Reis LCR, Facco EMP, Salvador M, Flôres SH and de 
Oliveira Rios A, Antioxidant potential and physicochemical 
characterization of yellow, purple and orange passion fruit. J 
Food Sci Technol 55:2679–2691 (2018).

	160.	 Ismail T, Akhtar S, Riaz M and Ismail A, Effect of 
pomegranate peel supplementation on nutritional, 
organoleptic and stability properties of cookies. Int J Food 
Sci Nutr 65:661–666 (2014).

	161.	 Ismail T, Akhtar S, Riaz M, Hameed A, Afzal K and Sattar 
Sheikh A, Oxidative and microbial stability of pomegranate 
peel extracts and bagasse supplemented cookies. J Food 
Qual 39:658–668 (2016).

	162.	 Chaudhary A, Hussain Z, Aihetasham A, el-Sharnouby M, 
Abdul Rehman R, Azmat Ullah Khan M et al., Pomegranate 
peels waste hydrolyzate optimization by response surface 
methodology for bioethanol production. Saudi J Biol Sci 
28:4867–4875 (2021).

	163.	 Chaudhary A, Akram AM, Aihetasham A, Hussain Z, Abbas 
AS, Rehman RA et al., Punica granatum waste to ethanol 
valorisation employing optimized levels of saccharification 
and fermentation. Saudi J Biol Sci 28:3710–3719 (2021).

	164.	 Azabou S, Louati I, Ben Taheur F, Nasri M and Mechichi 
T, Towards sustainable management of tomato pomace 
through the recovery of valuable compounds and sequential 
production of low-cost biosorbent. Environ Sci Pollut Res 
27:39402–39412 (2020).

	165.	 Chaudhary A, Hussain A, Ahmad Q-A, Ahmad T, Minahal 
Q, Karita S et al., Watermelon peel hydrolysate production 
optimization and ethanologenesis employing yeast isolates. 
Biomass Conv Bioref 14:8671–8680 (2022). https://​doi.​org/​
10.​1007/​s1339​9-​022-​02923​-​1.

	166.	 Van Soest PJ, Nutritional Ecology of the Ruminant, 2nd edn. 
Cornell University Press, Ithaca, NY, USA (1994).

	167.	 Bligh EG and Dyer WJ, A rapid method of total lipid 
extraction and purification. Can J Biochem Physiol 37:911–
917 (1959).

	168.	 Yu L, Reitmeier CA and Love MH, Strawberry texture and 
pectin content as affected by electron beam irradiation. J 
Food Sci 61:844–846 (1996).

	169.	 Happi Emaga T, Robert C, Ronkart SN, Wathelet B and 
Paquot M, Dietary fibre components and pectin chemical 
features of peels during ripening in banana and plantain 
varieties. Bioresour Technol 99:4346–4354 (2008).

	170.	 Moradi Yeganeh Z, Salari S, Mirzadeh K, Sari M and 
Ghorbani M, Evaluation of various levels of sweet almond 
meal as a source of protein on the production variables and 
immune response of broiler chickens. Vet Med Sci 7:491–
499 (2021).

	171.	 Alawode AO, Bungu PSE, Amiandamhen SO, Meincken 
M and Tyhoda L, Properties and characteristics of novel 
formaldehyde-free wood adhesives prepared from Irvingia 
gabonensis and Irvingia wombolu seed kernel extracts. Int J 
Adhes 95:102423 (2019).

	172.	 Vardanega R, Fuentes FS, Palma J, Bugueño-Muñoz W, 
Cerezal-Mezquita P and Ruiz-Domínguez MC, Valorization 
of granadilla waste (Passiflora ligularis, Juss.) by sequential 
green extraction processes based on pressurized fluids to 
obtain bioactive compounds. J Supercrit Fluids 194:105833 
(2023).

	173.	 Ulloa JA, Villalobos Barbosa MC, Resendiz Vazquez 
JA, Rosas Ulloa P, Ramírez Ramírez JC, Silva Carrillo 
Y et al., Production, physico-chemical and functional 
characterization of a protein isolate from jackfruit 
(Artocarpus heterophyllus) seeds. CyTA-J Food 15:497–507 
(2017).

	174.	 Martínez Herrera J, Sánchez-Chino X, Corzo-Ríos LJ, 
Dávila-Ortiz G and Jiménez Martínez C, Comparative 
extraction of Jatropha curcas L. lipids by conventional and 
enzymatic methods. Food Bioprod Process 118:32–39 
(2019).

	175.	 Carpiné D, Dagostin JLA, Mazon E, Barbi RCT, Alves FESB, 
Chaimsohn FP et al., Valorization of Euterpe edulis Mart. 
agroindustrial residues (pomace and seeds) as sources of 
unconventional starch and bioactive compounds. J Food Sci 
85:96–104 (2020).

	176.	 de Santana FC, de Oliveira Torres LR, Shinagawa FB, 
de Oliveira e Silva AM, Yoshime LT, de Melo ILP et al., 
Optimization of the antioxidant polyphenolic compounds 
extraction of yellow passion fruit seeds (Passiflora edulis 
Sims) by response surface methodology. J Food Sci Technol 
54:3552–3561 (2017).

	177.	 Lahboubi N, Kerrou O, Karouach F, Bakraoui M, Schüch A, 
Schmedemann K et al., Methane production from mesophilic 
fed-batch anaerobic digestion of empty fruit bunch of palm 
tree. Biomass Conv Bioref 12:3751–3760 (2022).

	178.	 Mohdaly AAA, Smetanska I, Ramadan MF, Sarhan MA and 
Mahmoud A, Antioxidant potential of sesame (Sesamum 
indicum) cake extract in stabilization of sunflower and 
soybean oils. Ind Crops Prod 34:952–959 (2011).

	179.	 Zhou YM, Chen YP, Guo JS, Shen Y, Yan P and Yang JX, 
Recycling of orange waste for single cell protein production 
and the synergistic and antagonistic effects on production 
quality. J Clean Prod 213:384–392 (2019).

	180.	 Sonawane SK, Bagul MB, LeBlanc JG and Arya SS, 
Nutritional, functional, thermal and structural characteristics 
of Citrullus lanatus and Limonia acidissima seed flours. J 
Food Meas Charact 10:72–79 (2016).

	181.	 da Silva JDO, Wisniewski A, Carregosa ISC, da Silva 
WR, de Souza Abud AK and de Oliveira Júnior AM, 
Thermovalorization of acerola industrial waste by pyrolysis 
in a continuous rotary kiln reactor. J Anal Appl Pyrolysis 
161:105373 (2022).

	182.	 da Silva NC, de Barros-Alexandrino TT, Assis OBG and 
Martelli-Tosi M, Extraction of phenolic compounds from 

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s13399-022-02923-1
https://doi.org/10.1007/s13399-022-02923-1


© 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al.Review: Compositional analysis of fruit wastes

31

acerola by-products using chitosan solution, encapsulation 
and application in extending the shelf-life of guava. Food 
Chem 354:129553 (2021).

	183.	 Mateos-Aparicio I, De la Peña Armada R, Pérez-Cózar ML, 
Rupérez P, Redondo-Cuenca A and Villanueva-Suárez MJ, 
Apple by-product dietary fibre exhibits potential prebiotic 
and hypolipidemic effectsin high-fat fed Wistar rats. Bioact 
Carbohydrates Diet Fibre 23:100219 (2020).

	184.	 Karkle EL, Alavi S and Dogan H, Cellular architecture and 
its relationship with mechanical properties in expanded 
extrudates containing apple pomace. Food Res Int 46:10–21 
(2012).

	185.	 Kırbaş Z, Kumcuoglu S and Tavman S, Effects of apple, 
orange and carrot pomace powders on gluten-free batter 
rheology and cake properties. J Food Sci Technol 56:914–
926 (2019).

	186.	 Figuerola F, Hurtado ML, Estévez AM, Chiffelle I and Asenjo 
F, Fibre concentrates from apple pomace and citrus peel 
as potential fibre sources for food enrichment. Food Chem 
91:395–401 (2005).

	187.	 Davies SJ, Guroy D, Hassaan MS, el-Ajnaf SM and el-
Haroun E, Evaluation of co-fermented apple-pomace, 
molasses and formic acid generated sardine based fish 
silages as fishmeal substitutes in diets for juvenile European 
sea bass (Dicentrachus labrax) production. Aquaculture 
521:735087 (2020).

	188.	 Njokweni SG, Weimer PJ, Botes M, Cruywagen CW and van 
Zyl WH, Extraruminal fermentation of citrus, grape and apple 
pomaces: Assessing the potential to serve as feedstock for 
production of volatile fatty acids. Waste Biomass Valoriz 
12:3671–3681 (2021).

	189.	 Witczak T, Stępień A, Zięba T, Gumul D and Witczak M, The 
influence of extrusion process with a minimal addition of 
corn meal on selected properties of fruit pomaces. J Food 
Process Eng 43:1–9 (2020). https://​doi.​org/​10.​1111/​jfpe.​
13382​ .

	190.	 Gagneten M, Archaina DA, Salas MP, Leiva GE, Salvatori DM 
and Schebor C, Gluten-free cookies added with fibre and 
bioactive compounds from blackcurrant residue. Int J Food 
Sci Technol 56:1734–1740 (2021).

	191.	 Andrade RAM d S, Maciel MIS, Santos AMP and Melo EA, 
Optimization of the extraction process of polyphenols from 
cashew apple agro-industrial residues. Food Sci Technol 
35:354–360 (2015).

	192.	 Souza FTC, Santos ER, Silva J d C, Valentim IB, Rabelo TCB, 
Andrade NRF et al., Production of nutritious flour from residue 
custard apple (Annona squamosa L.) for the development of 
new products. J Food Qual 2018:1–10 (2018).

	193.	 Tayengwa T, Chikwanha OC, Dugan MER, Mutsvangwa 
T and Mapiye C, Influence of feeding fruit by-products 
as alternative dietary fibre sources to wheat bran on 
beef production and quality of Angus steers. Meat Sci 
161:107969 (2020).

	194.	 Lopes FCR, Pereira JC and Tannous K, Thermal 
decomposition kinetics of guarana seed residue through 
thermogravimetric analysis under inert and oxidizing 
atmospheres. Bioresour Technol 270:294–302 (2018).

	195.	 Mokhtar SM, Swailam HM and Embaby HES, 
Physicochemical properties, nutritional value and techno-
functional properties of goldenberry (Physalis peruviana) 
waste powder concise title: Composition of goldenberry 
juice waste. Food Chem 248:1–7 (2018).

	196.	 Martínez R, Torres P, Meneses MA, Figueroa JG, Pérez-
Álvarez JA and Viuda-Martos M, Chemical, technological 

and in vitro antioxidant properties of mango, guava, 
pineapple and passion fruit dietary fibre concentrate. Food 
Chem 135:1520–1526 (2012).

	197.	 Garcia JAA, Corrêa RCG, Barros L, Pereira C, Abreu RMV, 
Alves MJ et al., Chemical composition and biological 
activities of Juçara (Euterpe edulis Martius) fruit by-
products, a promising underexploited source of high-added 
value compounds. J Funct Foods 55:325–332 (2019).

	198.	 Oberoi HS, Babbar N, Dhaliwal SS, Kaur S, Vadlani PV, 
Bhargav VK et al., Enhanced oil recovery by pre-treatment 
of mustard seeds using crude enzyme extract obtained 
from mixed-culture solid-state fermentation of Kinnow 
(Citrus reticulata) waste and wheat bran. Food Bioproc Tech 
5:759–767 (2012).

	199.	 Sánchez-Santillán P, Herrera-Pérez J, Torres-Salado N, 
Almaraz-Buendía I, Reyes-Vázquez I, Rojas-García AR et 
al., Chemical composition, and in vitro fermentation of ripe 
mango silage with molasses. Agrofor Syst 94:0123456789 
(2019). https://​doi.​org/​10.​1007/​s1045​7-​019-​00442​-​z.

	200.	 Kute AB, Mohapatra D, Kotwaliwale N, Giri SK and Sawant 
BP, Characterization of pectin extracted from Orange Peel 
powder using microwave-assisted and acid extraction 
methods. Agric Res 9:241–248 (2019). https://​doi.​org/​10.​
1007/​s4000​3-​019-​00419​-​5.

	201.	 Kaderides K and Goula AM, Development and 
characterization of a new encapsulating agent from orange 
juice by-products. Food Res Int 100:612–622 (2017).

	202.	 López-Vargas JH, Fernández-López J, Pérez-Álvarez 
JA and Viuda-Martos M, Chemical, physico-chemical, 
technological, antibacterial and antioxidant properties of 
dietary fiber powder obtained from yellow passion fruit 
(Passiflora edulis var. flavicarpa) co-products. Food Res Int 
51:756–763 (2013).

	203.	 Leão KMM, Sampaio KL, Pagani AAC and da Silva MAAP, 
Odor potency, aroma profile and volatiles composition of 
cold pressed oil from industrial passion fruit residues. Ind 
Crops Prod 58:280–286 (2014).

	204.	 Conesa C, Laguarda-Miró N, Fito P et al., Evaluation of 
persimmon (Diospyros kaki Thunb. cv. Rojo Brillante) 
industrial residue as a source for value added products. 
Waste Biomass Valoriz 11:3749–3760 (2019).

	205.	 Meena L, Neog R, Yashini M and Sunil CK, Pineapple 
pomace powder (freeze-dried): Effect on the texture and 
rheological properties of set-type yogurt. Food Chem Adv 
1:100101 (2022).

	206.	 Li M, Liu Y, Yang G, Sun L, Song X, Chen Q et al., 
Microstructure, physicochemical properties, and adsorption 
capacity of deoiled red raspberry pomace and its total 
dietary fiber. LWT 153:112478 (2022).

	207.	 AOAC International, Official Methods of Analysis of the 
Association of Official Analytical Chemists, 16th edn. AOAC 
International, Gaithersburg, MD, USA (1996).

	208.	 AOCS, Official Methods and Recommended Practices of the 
American Oil Chemists’ Society, 6th edn. AOCS, Urbana, Ill 
(2009).

	209.	 Pang RL, Zhang QL, Guo LL, Fang JB, Xie HZ, Li J et al., 
Study on the colorimetry determination conditions of pectin 
in fruits and derived products. J Fruit Sci 29:302–307 (2012).

	210.	 Renard CMGC, Extraction of bioactives from fruit and 
vegetables: State of the art and perspectives. LWT 93:390–
395 (2018).

	211.	 Voragen AGJ, Coenen GJ, Verhoef RP and Schols HA, 
Pectin, a versatile polysaccharide present in plant cell walls. 
Struct Chem 20:263–275 (2009).

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jfpe.13382
https://doi.org/10.1111/jfpe.13382
https://doi.org/10.1007/s10457-019-00442-z
https://doi.org/10.1007/s40003-019-00419-5
https://doi.org/10.1007/s40003-019-00419-5


       © 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.  |  Biofuels, Bioprod. Bioref. (2024); DOI: 10.1002/bbb.2715

DD Durán-Aranguren et al. Review: Compositional analysis of fruit wastes

32

	212.	 Wang F, Du C, Chen J et al., A new method for determination 
of pectin content using spectrophotometry. Polymers (Basel) 
13:2847 (2021).

	213.	 de C. Tobaruela E, de O. Santos A, de Almeida-Muradian LB 
et al., Application of dietary fiber method AOAC 2011.25 in 
fruit and comparison with AOAC 991.43 method. Food Chem 
238:87–93 (2018).

	214.	 da Silva RST, Fernandes AM, Gomes R d S, Bendia LCR, 
da Costa e Silva L and Vieira RAM, On the specificity of 
different methods for neutral detergent fiber and related 
problems. Anim Feed Sci Technol 240:128–144 (2018).

	215.	 Vachon J, Assad-Alkhateb D, Baumberger S, van Haveren J, 
Gosselink RJA, Monedero M et al., Use of lignin as additive 
in polyethylene for food protection: Insect repelling effect 
of an ethyl acetate phenolic extract. Compos Part C Open 
Access 2:100044 (2020).

	216.	 Podkościelna B, Gargol M, Goliszek M, Klepka T and 
Sevastyanova O, Degradation and flammability of 
bioplastics based on PLA and lignin. Polym Test 111:107622 
(2022).

	217.	 Antunes F, Mota IF, Fangueiro JF, Lopes G, Pintado 
M and Costa PS, From sugarcane to skin: Lignin as a 
multifunctional ingredient for cosmetic application. Int J Biol 
Macromol 234:123592 (2023).

	218.	 Wang X, Leng W, Nayanathara RMO, Milsted D, Eberhardt 
TL, Zhang Z et al., Recent advances in transforming 
agricultural biorefinery lignins into value-added products. J 
Agric Food Res 12:100545 (2023).

Daniel D. Durán-Aranguren

Daniel D. Durán-Aranguren is a 
postdoctoral researcher in the Biomass 
Conversion and Bioprocess Technology 
research group at the Technical 
University of Denmark. His research 

focuses on the valorization of plant biomass through 
the development of sustainable bioprocesses for the 
production of high-value bioproducts. He specializes 
in the development of extraction methods for bioactive 
compounds, with applications in the formulation of 
novel products across diverse industries, including food, 
cosmetics, and materials.

John A. Posada

John A. Posada is an assistant 
professor in the Department of 
Biotechnology at Delft University of 
Technology, the Netherlands. His 
research interests cover, among other 

fields, techno-economic, environmental, social, and 
integrated sustainability assessment in a biobased 
economy, mostly for biorefineries.

Rocío Sierra

Rocío Sierra is an associate professor 
in the Department of Chemical and 
Food Engineering at Universidad de Los 
Andes, Colombia. Her research focuses 
on waste-to-energy strategies, hydrogen 

as an energy vector, and geothermal energy applications in 
power, refrigeration, and heat pump systems.

Solange I. Mussatto

Solange I. Mussatto is a full professor 
and head of the Biomass Conversion 
and Bioprocess Technology research 
group at the Technical University of 
Denmark. Her research is focused 

on the development of innovative and sustainable 
processes/solutions to accelerate the transition to a 
biobased economy. She is a key figure in bioeconomy 
and biorefinery, the Danish representative for 
International Energy Agency Bioenergy Task 42—
Biorefining in a Future Bioeconomy, and vice-chair of 
the bioenergy and bioeconomy section of the European 
Society of Biochemical Engineering Sciences.

 19321031, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2715 by T

u D
elft, W

iley O
nline L

ibrary on [31/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Review of chemical characterization methods and data for compositional analysis of fruit wastes: current status and opportunities
	[[Math]]Abstract: 
	Introduction
	Research method and structure of the review
	Composition of vegetable biomass
	Characterization methods for compositional analysis of fruit wastes
	The National Renewable Energy Laboratory – laboratory analytical procedures
	The Technical Association of the Pulp and Paper Industry methods
	The Van Soest method
	Official methods of analysis of the Association of Official Agricultural Chemists
	Existing characterization methods

	Composition of fruit wastes as reported in the literature
	Total carbohydrates and WSC
	Extractives
	Pectin
	Structural carbohydrates: cellulose and hemicellulose
	Lignin
	Protein
	Ash

	Suggested sequence for chemical characterization of vegetable biomass including fruit wastes
	Current knowledge gaps and future directions
	Concluding remarks
	References


