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Abstract

Cocoa processing generates large amounts of agro-industrial by-products, mainly cocoa
bean shells (CBS), cocoa pod husks (CPH), and cocoa mucilage, which remain underutilized
despite their nutritional and bioactive potential. This narrative review critically analyzes
the composition of cocoa by-products and emerging technologies for bioactive compound
recovery. Results show that CBS and CPH are rich sources of dietary fiber (13.8-65.6%),
phenolic compounds (up to 100 mg GAE/g), and methylxanthines (theobromine up to
11.6 mg/g in CBS). Emerging extraction technologies, ultrasound-assisted extraction, pres-
surized liquid extraction, microwave-assisted extraction, pulsed electric fields, and cold
atmospheric plasma, improve extraction yield (20-150%), reduce processing time (from
hours to minutes), and decrease solvent consumption compared to conventional methods.
Regarding food applications, moderate CBS inclusion levels (10-20% in cookies, 2-8%
in bread, 0.75-1.0% in sausages) improve dietary fiber and antioxidant capacity without
compromising sensory acceptability, whereas higher levels (>20-30%) increase hardness,
bitterness, and astringency. It is concluded that cocoa by-products are promising resources
for sustainable functional food ingredients. However, industrial implementation remains
limited by raw material variability, lack of standardized extraction protocols, sensory con-
straints, and insufficient biological validation of recovered compounds. Future research
should focus on standardizing extraction protocols, validating bioaccessibility and bioactiv-
ity through in vivo studies, optimizing food formulations for sensory balance, assessing
contaminants (heavy metals, mycotoxins), and evaluating techno-economic feasibility and
life-cycle sustainability at industrial scale.

Keywords: Theobroma cacao L.; cocoa bean shell; phenolic compounds; emerging extraction
technologies; circular economy; functional ingredient

1. Introduction

Cacao (Theobroma cacao L.) is a globally important crop and a strategic commodity in
tropical and subtropical economies. However, its value chain faces major sustainability
challenges due to the large amount of residual biomass generated during harvesting,
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fermentation, and industrial processing [1]. Global cacao production reached approximately
4.37 million tons in 2024, with production concentrated mainly in West Africa, particularly
Cote d’'Ivoire, Ghana, Nigeria, and Cameroon, followed by Latin American countries
such as Ecuador, Brazil, and Peru, as illustrated in Figure 1 [2]. In this context, Peru
is recognized as an important producer of fine-flavor cacao with growing relevance in
specialty markets [3].
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Figure 1. Global cacao production. (a) World map showing the leading cacao-producing countries,
with Africa and South America as the main production regions. (b) Bar chart showing production
volumes in million tons (Mt), with bar colors corresponding to the countries highlighted in the map.

Although cacao has substantial economic importance, only a small fraction of its fruit
is used in chocolate and cocoa-derived products. Approximately 80-90% of the fresh fruit
mass corresponds to agro-industrial by-products, including cocoa pod husk (CPH), cocoa
bean shell (CBS), and cocoa mucilage, which are often underutilized or discarded [1,4-6].
These materials contain relevant amounts of dietary fiber, minerals, phenolic compounds,
flavan-3-ols, methylxanthines, and other bioactive constituents. For instance, CBS may
contain high levels of dietary fiber, flavonoids, such as epicatechin and catechin, and
methylxanthines, such as theobromine and caffeine [4,5,7]. The inadequate disposal of
these by-products through landfilling, uncontrolled decomposition, or burning represents
both an environmental burden and a loss of potentially valuable compounds. Moreover,
the accumulation of cocoa residues in production areas may contribute to phytosanitary
problems, including the proliferation of phytopathogens such as Phytophthora spp., as well
as greenhouse gas emissions during decomposition [8]. Therefore, the valorization of cocoa
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by-products under a circular-economy approach has emerged as a promising strategy to
convert residual biomass into value-added ingredients while improving the cocoa sector’s
environmental and economic sustainability [1].

From a nutritional and functional perspective, cocoa and its derived fractions are
recognized as relevant sources of bioactive compounds. Phenolic compounds, particularly
flavan-3-ols such as epicatechin, catechin, and procyanidins, have been widely associated
with antioxidant and anti-inflammatory potential [9,10]. Methylxanthines, mainly theo-
bromine and caffeine, are also of interest due to their physiological effects, including their
role as adenosine receptor antagonists [11]. However, the phytochemical composition
of cocoa matrices varies considerably depending on genotype, geographical origin, fruit
fraction, and post-harvest processing conditions, including fermentation, drying, and roast-
ing. These processes may modify the distribution, stability, and extractability of phenolic
compounds and methylxanthines, thereby influencing the functional potential of cocoa
beans and their by-products [9,12]. This variability reinforces the need to characterize cocoa
by-products as distinct matrices and to identify suitable technologies for recovering their
valuable compounds [13,14].

The efficient recovery of bioactive compounds from cocoa by-products requires extrac-
tion technologies that can overcome the limitations of conventional methods. Traditional
techniques, such as maceration and Soxhlet extraction, usually require long extraction
times, high solvent consumption, and elevated temperatures, which may promote the
degradation of heat-sensitive compounds, particularly flavanols [1,15,16]. Emerging ex-
traction technologies, including ultrasound-assisted extraction (UAE), microwave-assisted
extraction (MAE), pressurized liquid extraction (PLE), pulsed electric fields (PEF), and
cold atmospheric plasma (CAP), have been investigated as more efficient and sustainable
alternatives. These technologies can improve mass transfer, cell wall disruption, solvent
penetration, extraction yield, and selectivity while potentially reducing processing time,
energy demand, and solvent use [1,16]. For example, at moderate temperatures, UAE
promotes acoustic cavitation and enhances the release of intracellular compounds, whereas
PLE allows the recovery of phenolics and methylxanthines under controlled pressure and
temperature conditions [15]. These technologies are aligned with green extraction prin-
ciples when combined with food-grade and environmentally friendly solvents and may
contribute to the development of more sustainable ingredient production processes [16].

Previous reviews have examined cocoa by-products from specific perspectives, such
as CBS and CPH composition, phenolic recovery, pectin extraction, bioenergy, biomaterials,
and circular-economy uses [1,4,6,7]. However, fewer reviews discuss how these aspects
relate to food formulation, safety, scalability, and practical use. In this context, the present
review discusses CBS, CPH, and cocoa mucilage together, with emphasis on their compo-
sition, emerging extraction technologies, food applications, safety issues, and barriers to
industrial implementation.

2. Methodology

This narrative review was based on a structured literature search conducted in Scopus
and Web of Science, focusing on studies published between 2020 and March 2026, given
the recent progress in emerging extraction technologies for cocoa by-product valorization.
The search combined terms related to cocoa matrices, processing technologies, and food

” o "o

applications, including “cocoa by-products,” “cocoa waste,” “cocoa bean shell,” “cocoa pod

"o

husk,” “cocoa mucilage,” “functional ingredients,” “food applications,” “green extraction,”

i o

“ultrasound-assisted extraction,” “microwave-assisted extraction,” “pressurized liquid

” o

extraction,” “pulsed electric fields,” and “cold atmospheric plasma.”
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Original research articles and review papers that addressed the composition, bioactive
compounds, extraction technologies, techno-functional properties, or food applications of
cocoa by-products were selected. The last literature search was performed on 21 March
2026. Only articles published in English were considered. Duplicate records identified
across Scopus and Web of Science were removed using Mendeley Reference Manager,
followed by manual verification to retain the most complete version of each publication.

VOSviewer software (version 1.6.19) was used to generate the keyword co-occurrence
network. The search in Scopus included the period 2021-2026. Keywords were manually
standardized and a minimum occurrence threshold of 5 was set.

3. Cocoa Fruit Fractions and By-Products: Nutritional Composition and
Bioactive Potential

The cacao pod comprises several anatomical fractions with distinct compositional
and functional characteristics, including the pod wall, beans, surrounding mucilage, and
internal fibrous tissues. These fractions give rise to the main cocoa by-products considered
in this review, particularly cocoa pod husk (CPH), cocoa bean shell (CBS), and cocoa
mucilage (Figure 2). Their composition varies according to genotype, geographical origin,
maturity stage, anatomical fraction, and post-harvest or processing conditions, such as
fermentation, drying, roasting, and shell removal [1,13].

b)

33.9% 52.0%

25.6% 25.3%

28.1%
13.0%
7.0%
LA R U 0 B3 45
PSS r LI ANy
AL R e Ao b o @
v \ (GO

Figure 2. Morphological features of cacao (Theobroma cacao L.) pods relevant to by-product valoriza-
tion. (a) External appearance of the hybrid and native cacao pods. (b) Image-based RGB color profiles
of the pod epicarp. (c) Cross-sectional view of the pod wall, pulp/mucilage, and beans.
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The cocoa bean is characterized by a high lipid content, ranging from 33% to 63%,
and a relevant protein fraction, generally between 7.9% and 23.0% (Table 1). In contrast,
cocoa by-products, particularly CBS and CPH, are characterized by a predominant fibrous
fraction. CBS contains approximately 13.8-65.6% total dietary fiber, whereas CPH has
a highly developed lignocellulosic structure and may contain substantial amounts of
cellulose, hemicellulose, and lignin, with lignin values reported as high as 49.09% [2,12,17].

Table 1. Proximate composition, fatty acid profile, and selected bioactive compounds of cocoa beans

and cocoa by-products (values expressed on a dry basis).

Composition Cocoa Bean CBS CPH Cocoa Mucilage
Protein (%) 7.9-23.0 10.3-27.4 4.2-18.3 0.4-6.0
Lipids (%) 33.0-63.0 1.5-8.5 0.6-4.7 1.9-3.5
TDF: 13.8-65.6 TDF: 18.3-63.6 TDF: 1.0-16.9
Dietary fiber (%) TDF: 0.9-8.1 SDF: 14.5-16.2 SDF: 10.1-11.0 SDF: 16.06-16.11
IDF: 35.6-42.1 IDF: 48.0-53.6 IDF: 0.69-0.78
Ash (%) 0.9-7.3 5.2-11.4 6.7-12.9 0.2-7.7
Stearic acid (C18:0): Palmitic acid: (C16:0):
32-37% 26-28% Linoleic acid (C18:2):
. . Oleic acid (C18:1): Stearic acid: (C18:0): ~49%
Fatty acid profile 5, 7, 28-34% Palmitic acid (C16:0): NA
Palmitic acid (C16:0): Oleic acid: (C18:1): ~34%
24-27% 28-32%
TPC:
TPC: 22-100 mg GAE/g TPC: 46-98 mg GAE/8  1pc. 67-107 mg GAE/g
. Theobromine: -
. . 40-200 mg GAE/g Theobromine: Theobromine:
Selected Bioactive . 1.1-6.7mg/g
Compounds Theobromine: up 1.3-11.6 mg/g Caffeine: 0.5-1.6 mg/g 0.5-2.6 mg/g
to 4.0% Caffeine: 0.1-42 mg/g . L Caffeine: 0.1-0.9 mg/g
. o . . Epicatechin: . -
Caffeine: up to 0.6% Epicatechin: 1.97-6.07 mg/ Epicatechin: 35.44 mg/g
0.6-30 mg/g SOV MEls
References [2,6,7,18] [4,6,7,12,19,20] [7,16,21-23] [4,7,17,24,25]

Note: Values are presented as ranges according to the cited literature and may vary depending on genotype,
geographical origin, anatomical fraction, processing conditions, and analytical basis. Fatty acids are expressed as
relative percentages of the lipid fraction. CBS, cocoa bean shell; CPH, cocoa pod husk; TDF, total dietary fiber;
SDE, soluble dietary fiber; IDF, insoluble dietary fiber; TPC, total phenolic content; GAE, gallic acid equivalents;
NA, not available.

From a mineral perspective, cocoa by-products generally have higher ash contents
than the bean, indicating their potential as sources of macro- and microelements. CPH
contains relevant levels of potassium, magnesium, and calcium, depending on the sample
origin and analytical basis [7,26,27]. Cocoa mucilage is characterized by a high moisture
content, usually around 82-87%, and contains fermentable carbohydrates, organic acids,
and micronutrients, which support its potential for biotechnological and food applica-
tions [7,27].

Beyond their proximate composition, CBS and CPH are relevant bioactive compound
reservoirs. CBS is particularly rich in flavan-3-ols, mainly epicatechin and catechin, as
well as methylxanthines such as theobromine and caffeine [6,7,24,28]. CPH also contains
phenolic compounds and methylxanthines, although their concentrations vary widely
according to variety, post-harvest processing, drying conditions, and extraction methods.
In addition, both matrices may contain phenolic acids, including gallic and protocatechuic
acids, flavonoids, such as quercetin, and phytosterols, such as brassicasterol [13,16,19,29].
These compounds are of interest because of their antioxidant potential and potential
contribution to the development of ingredients with value added.
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From a valorization perspective, cocoa residual biomass represents an underutilized
source of fiber-rich and bioactive ingredients. The incorporation of CBS and CPH flours
or extracts into food matrices may improve dietary fiber content, mineral profile, antioxi-
dant capacity, and technological functionality while reducing the environmental burden
associated with waste disposal [8,17]. However, their use in food systems requires careful
consideration of sensory impact, particle size, compositional variability, safety, regulatory
aspects, and processing conditions. Therefore, the comprehensive utilization of cocoa by-
products constitutes a promising strategy for sustainable valorization in the cocoa industry,
facilitating the conversion of residual biomass into functional ingredients aligned with
circular-economy principles and current demands for more sustainable food systems [6].

4. Emerging Extraction Technologies for the Recovery of Bioactive
Compounds from Cocoa By-Products

Emerging extraction technologies have received growing attention for recovering
bioactive compounds from cocoa by-products, particularly CBS and CPH. Compared
with conventional solid-liquid extraction, these technologies can improve mass transfer,
shorten processing time, reduce solvent consumption, and better preserve thermolabile
compounds. The most relevant approaches include ultrasound-assisted extraction (UAE),
pressurized liquid extraction (PLE), cold atmospheric plasma (CAP), pulsed electric field-
assisted extraction (PEF), and microwave-assisted extraction (MAE). Table 2 summarizes
their main operating conditions, process advantages, and reported effects on bioactive
compound recovery.

Table 2. Effects of emerging and hybrid technologies on the recovery of bioactive compounds and

yield from cocoa by-products.

Bioactive Mechanisms and
Technolo Operating Process Compounds Ke Extraction Ref
8y Parameters Improvements and Extract Y Yield )
. . . Considerations
Bioactivity
ig:égoolg{z’ 1 Time and ?21555 m Acoustic
.’ solvent : & cavitation; cell Global: ~9.6%;
UAE 30-60 min; . GAE/g); 1 . . .
consumption; 1 . wall disruption flavonoids: [1,6,11,15,27]
(Ultrasound) solvents: water flavonoid .
or BtOH-water ~ 1as8 transfer recovery and matrix 747 mgRE/g
mixtures efficiency (7.47 mg RE/g) fragmentation
. 1 Theobromine -
PLE 80-120°C;10  Rapid. (67mg/g)and | solubility and
(Pressurized MPa: 50-75% extraction of caffeine penetration Global:
L g ¢ polar under pressure; 3.36-18.00% [15,16,27]
Liquid EtOH; ~10 min . (1.57mg/g); + .
Extraction) cycles Compounds, + FRAP and matrlx—.solute. (w/w)
toxic solvents ORAC bond disruption
;fgasi?nw’ Rapid 1 Theobromine  Dielectric heating;
MAE o volumetric (+72%) and internal pressure  Global:
. 70-97 °C; . . . a4 9o [1,15,29,30,30]
(Microwave) H-adiusted heating; | caffeine causing cell 15.54-34.2%
I()op i m]al pH 12) extraction time  (+150%) rupture
1 Polyphenols
SWE 120-220 °C; 100% green g’&?g)_ Ehgrrg‘lals o Pectin: 10.9%; 1) 1010 o
(Subcritical high pressure; solvent; &) yoroys . TPC:upto ST
Water) 15275 min selectivity catechin and reduced dielectric 130 mg/g 29,31]
epicatechin constant of water
recovery
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Table 2. Cont.
Bioactive .
Technolo Operating Process Compounds Mechalrélesms and Extraction Ref
8y Parameters Improvements and Extract oY Yield )
. . . Considerations
Bioactivity
: ) High process Pressure-drop Global: 14.8%
HCR. (Hydrody- 3000 rpm; intensification; 1 Theobromine  cavitation; high (54% more
namic Hex/EtOH/H,0 . . . [1,6,27,29,32]
Cavitation) mixture: ~4 min faster biomass (141.6 mg/g) mechanical efficient than
! disruption energy UAE)
CAP (Cold 70-100 Hz; Non-thermal _ Reactivespecies 6 39 increase
. . extraction; 1 Theobromine  (RONS);
Atmospheric ~30 min; . ) (up to [1,6,15,27]
. potential decon- recovery increased
Plasma) aqueous media taminati . 5612 mg/kg)
amination porosity
1.74-5 KV /cm; 4 Mass transfer; 1 Polyphenols Electroporahon; ~20% higher
PEF (Pulsed . .. and methylxan-  intracellular than
A ns—-ms pulses; minimal . 500 . [16,27]
Electric Field) . thines (~20% compound conventional
1540 k] /kg thermal impact . .
increase) release extraction
Maximum TPC  Enzymatic 5+ hicher
- 1% enzyme; Enzymatic + (286.97 mg degradation & )
Hybrid: 0. ano . ) throughput;
EAE-UAE 55 °C; 80% physical GAE/g); enhances 40-60% less [1,29]
amplitude; <2h  synergy procyanidins ultrasound ener ’
(776 mg/g) penetration 8y
Stage 1: Selective SFE opens pores:
Hybrid: SC-CO, (20 Sequential theobromine PLE estracti / Fat vield:
SF};?—PLE MPa/40 °C); extraction and (46.04%) and medium-polarit 94 7};0/ ’ [1,6,27,29]
Stage 2: PLE defatting caffeine (~90%) com ounEls y o
(10 MPa/70 °C) recovery P
NADES
solvents Green solvent; Matrix-solute Improved yield
Hybrid: MAE-  (choline 1 solvation ” 1 Alkaloidsand  bond disruption (thsobromi};le [1,6,27,29,32]
DES/UAE-DES  chloride capacit phenolics via solvent ~5mg/g) e
mixtures) + pactty affinity 8/8
MAE/UAE

Note: 1 increase or improvement; | reduction. UAE, ultrasound-assisted extraction; PLE, pressurized liquid
extraction; MAE, microwave-assisted extraction; SWE, subcritical water extraction; HCR, hydrodynamic cavita-
tion; EAE, enzyme-assisted extraction; SFE, supercritical fluid extraction; PEF, pulsed electric field; CAP, cold
atmospheric plasma; DES/NADES, deep eutectic solvents (natural). TPC, total phenolic content; GAE, gallic acid
equivalents; RE, rutin equivalents; FRAP/ORAC, antioxidant capacity assays.

Table 2 shows that these technologies mainly improve extraction by intensifying
physical and physicochemical mechanisms that overcome the diffusion limitations of
conventional methods [15,29]. Traditional maceration or Soxhlet extraction may require
4-24 h and often involve large solvent volumes, whereas MAE and PLE can achieve higher
yields in much shorter processing times under optimized conditions [1,27,29,30]. For
example, MAE can reach global yields of up to 34.2% under alkaline conditions (pH 12) in
only 5 min, although such extreme pH conditions may compromise the stability of sensitive
phenolic compounds. Similarly, PLE can recover up to 18% of solids from CPH at 120 °C
and 10 MPa [16].

Shorter extraction times are important for protecting thermosensitive compounds
such as epicatechin, whose degradation accelerates near 90 °C [33,34]. Intensified tech-
niques either operate at moderate temperatures, as in UAE at 45-60 °C, or apply heat for
short periods, as in MAE and PLE, thereby limiting thermal degradation of secondary
metabolites [1,30]. Among hybrid approaches, EAE-UAE has shown clear advantages
because enzymatic treatment with pectinases and cellulases weakens the lignocellulosic
structure and allows ultrasound-induced cavitation to penetrate the matrix more effectively.
This combination improves the release of bound compounds and has produced some of
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the highest reported total phenolic content (TPC) values in cocoa by-products, reaching
286.97 mg GAE/g in cocoa bean shell [1].

From a sustainability perspective, green solvents can reduce dependence on toxic
organic solvents [29,32]. Recent developments include subcritical water extraction (SWE),
natural deep eutectic solvents (NADES), and their combination with microwave-assisted
extraction (DES-MAE). SWE uses water at high temperature and pressure as the only
solvent, allowing the recovery of pectin, polyphenols, and sugars without generating
chemical residues [35]. Reported pectin yields from cocoa pod husk have reached 10.9%,
compared with approximately 8% obtained through conventional methods. NADES,
particularly mixtures based on choline chloride, glucose, or betaine, have also shown
potential for producing food-compatible extracts with acceptable sensory properties in
chocolate-flavored dairy beverages at inclusion levels between 1% and 10% [36].

Combining eutectic solvents with microwave-assisted extraction has further improved
extraction efficiency compared with mechanical agitation, increasing the recovery of theo-
bromine (5.00 mg/g) and caffeine while reducing processing time [37]. Overall, these
approaches can improve process efficiency and, under optimized conditions, may reduce
energy consumption by approximately 40-60%. They also support the development of high-
value ingredients that are better aligned with clean-label and sustainability requirements
for food applications.

Although Table 2 summarizes extraction conditions and recovery performance, these
parameters do not fully indicate whether a technology can be transferred to industrial
production. As shown in Table 3, UAE currently appears to be the most immediately
transferable option because of its operational simplicity, moderate equipment cost, and
compatibility with food-grade ethanol-water systems. MAE and PLE offer faster extraction
and improved selectivity, but their scale-up requires stricter control of heat distribution,
pressure, energy balance, and downstream purification. PEF and CAP are better positioned
as pretreatments or complementary technologies, particularly when low-temperature
processing or decontamination is desired, whereas SWE and HCR are attractive for greener
or continuous processing but still require stronger validation in cocoa residues. Hybrid
systems such as EAE-UAE, SFE-PLE, and NADES-assisted extraction may provide higher
recovery or selectivity, although their feasibility depends on enzyme cost, solvent recovery,
regulatory acceptance, equipment investment, and the market value of the final ingredient.

Table 3. Industrial readiness and scalability profiles of emerging extraction technologies for cocoa
by-product valorization.

Technology TRL/Maturity Indu::;aslctﬂ ll))lillci:}l,nhty Sus:iaci(r)lr:l))lirlliltcyalr’lli file Main Constraint Ref.

One of the most transferable Moderate investment: Acoustic field
options for CBS and CPH reduces extraction time heterogeneity and

UAE Medium-high extracts; scalable through and solvent use when repro dgucibili}jc [27,29]
bath, probe, or ethanol-water systems dlfrin scale-uy
flow-through systems. are used. & b
Suitable for rapid extraction  Short processing times Sisel;}?; tin
of polar compounds; may reduce operating thermal ragcflients

MAE Medium continuous systems are costs, although equipment and de If(’; dation o,f [27,29]
possible but require precise  and energy control sensi tife
thermal control. increase complexity. .

phenolics.
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Table 3. Cont.
. Industrial Applicability Economic and . .
Technology TRL/Maturity and Scalability Sustainability Profile Main Constraint Ref.
Applicable for selective Lower solvent
. . . Pressure
extraction under controlled consumption, but higher equipment. ener
PLE Medium pressure and temperature; capital and energy quip g &Y [16,27]
. . : . demand, and
technically feasible at requirements than simpler .
. . operational cost.
pilot scale. extraction systems.
More suitable as a Potentially Limited .
. - performance in dry
pretreatment to improve energy-efficient under solids and stron
PEF Medium mass transfer, especially in ~ optimized conditions and & [27,29]
. . dependence on
hydrated or compatible with -
. : . conductivity and
pumpable matrices. continuous processing. moisture
Promising extraction Non-thermal and Limited industrial
enhancement and solvent-saving potential, validation and
CAP Low-medium decontamination but still although economic possible effects of [29]
limited for industrial feasibility remains reactive species on
extraction of cocoa residues.  uncertain. extract stability.
Potentially scalable in High temperatures
. . Uses water as a solvent may degrade
pressurized continuous and avoids organic thermolabile
SWE Medium systems for phenolics, & . . [29,35]
sugars, and solvents but may require compounds if
BarS, ¢ . high energy input. residence time is
pectin-like fractions.
not controlled.
Attrz.actlve for Potentially favorable if Limited §V}dence
continuous-flow enerev efficiency and on select1v1ty,
HCR Low-medium intensification and 8Y yanc extract quality,and  [29]
. . throughput are confirmed .
potentially easier scale-up . techno-economic
at pilot scale.
than probe ultrasound. performance.
Effec.tlve for hg.noce!lulosm Mild conditions support Enzyme cost,
matrices and high-yield sustainabilitv. althoueh pH/temperature
EAE-UAE Medium recovery but requires Y . .g control, and [1,27]
. enzyme cost can limit
enzyme handling and ) - downstream
arge-scale feasibility. I
process control. stabilization.
Clean and selective o
. . High investment,
Suitable for sequential process, but .
fractionation and high-value capital-intensive and operational
SFE-PLE Medium . . . s complexity, and [27,29]
ingredients rather than economically justified
. solvent/CO,
bulk extracts. mainly for
. . management.
premium fractions.
Biodegradable solvents . -
- . . High viscosity,
Promising green extraction =~ may improve solvent recover
NADES- Low—medium and clean-label concepts, sustainability, although SeNSOrV impac ty, [29,36]
MAE/UAE but industrial use is recovery, reuse, and y impact, !

still emerging.

regulatory acceptance
remain unresolved.

and regulatory
uncertainty.

4.1. Ultrasound-Assisted Extraction

Note: TRL, technology readiness level; UAE, ultrasound-assisted extraction; MAE, microwave-assisted extraction;
PLE, pressurized liquid extraction; PEF, pulsed electric fields; CAP, cold atmospheric plasma; SWE, subcritical
water extraction; HCR, hydrodynamic cavitation reactor; EAE, enzyme-assisted extraction; SFE, supercritical
fluid extraction; NADES, natural deep eutectic solvents. The table complements Table 2 by focusing on industrial
transfer rather than extraction conditions or recovery yields.

UAE is one of the most versatile green technologies for recovering bioactive com-
pounds from plant matrices. It uses ultrasonic waves, generally within a frequency range
of 20-120 kHz [1,27]. Its main mechanism is acoustic cavitation, which involves the forma-
tion, growth, and implosive collapse of vapor microbubbles in the solvent during rapid
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compression and rarefaction cycles [1,29]. When these bubbles collapse near the biomass
surface, they generate extreme microscale conditions, with local temperatures estimated
at 2000-5000 K and pressures above 100 MPa, producing shock waves and high-energy
microjets [29]. These mechanical effects promote surface erosion, particle fragmentation,
and disruption of lignocellulosic cell walls, increasing the solid-liquid contact area and
facilitating solvent penetration toward retained solutes such as polyphenols, flavonoids,
and methylxanthines [1,27,29].

The main advantages of UAE include high productivity with relatively low solvent
and energy requirements, allowing processing times to be reduced from several hours to
30-60 min [1,15,29,35]. Because it usually operates under moderate thermal conditions,
commonly between 45 °C and 65 °C, UAE is suitable for preserving thermosensitive
metabolites such as epicatechin [1,27,29,38]. In cocoa by-products, high recovery values
have been reported under optimized conditions. For example, at 80% amplitude, a TPC
of 286.97 &+ 1.01 mg GAE/g was obtained from CBS [1]. Similarly, binary ethanol-water
mixtures (60% v/v) at 60 °C for 60 min have been used to maximize flavonoid recovery
(170.20 £ 13.24 mg CE/g) and antioxidant capacity (FRAP: 642.32 mg TE/g) [15].

Despite these advantages, UAE also has important limitations. Ultrasonic intensity
decreases as the distance from the emitter increases, which can lead to batch-to-batch
variability during industrial scale-up unless multi-transducer systems or well-designed
flow reactors are used [29,35]. Excessive amplitude or power may also cause localized
heating and promote the formation of reactive oxygen species (ROS), including hydroxyl
radicals (¢OH), which can contribute to the oxidative degradation of sensitive compounds
such as proanthocyanidins [1,27].

Studies in other plant matrices, including saffron, argan, and bergamot by-products,
support the ability of UAE to improve extract purity and extraction kinetics compared with
conventional maceration [1]. Research published in 2020 also reported a useful interac-
tion between UAE and NADES, producing ready-to-use extracts with acceptable sensory
properties for dairy beverage fortification and reducing the need for additional purification
steps [36]. Therefore, careful optimization of frequency, amplitude, and solvent polarity is
necessary to balance extraction yield, chemical stability, and process feasibility [1,15,27,29].

4.2. Pressurized Liquid Extraction

PLE, also known as accelerated solvent extraction (ASE), is a high-pressure technique
that enhances solubilization and analyte recovery by using solvents in the liquid state
at temperatures above their normal boiling point [16,27,29]. Elevated pressure, typically
around 10 MPa, keeps the solvent liquid while modifying its physicochemical properties.
Higher thermal energy reduces viscosity and surface tension, increases diffusivity, and
allows deeper penetration into the micropores of lignocellulosic biomass [16,29,38]. At the
molecular level, these conditions weaken solute-matrix interactions, including hydrogen
bonds, van der Waals forces, and dipole-dipole attractions, and may also promote the
hydrolysis of ester and glycosidic bonds that retain bioactive compounds within the cell
wall [16,29,39]. In cocoa by-products, PLE has shown high efficiency for recovering polar
compounds. For instance, processing CPH at 120 °C with 50% ethanol produced a global
yield of 18.00 &= 0.17% and a theobromine content of 6.44 mg/g, clearly exceeding the yields
reported for maceration (5.61%) and conventional ultrasound extraction (3.36%) [16].

PLE offers short extraction cycles, commonly around 10 min, and can produce extracts
with improved purity when in-cell purification with adsorbents is incorporated into the
extraction vessel [16,27]. Because the process takes place under limited oxygen exposure,
oxidative degradation of methylxanthines and phenolic compounds can be reduced, which
may explain the higher antioxidant responses reported in ORAC and FRAP assays com-
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pared with traditional leaching methods [16,29]. From a sustainability perspective, PLE
is compatible with food-grade green solvents, particularly hydroethanolic mixtures, sup-
porting its potential use in food and pharmaceutical applications [16]. Its main limitations
are the high initial investment required for pressure-resistant equipment and the mainte-
nance complexity of automated high-pressure systems [27,29]. In addition, sustainability
metrics such as the AGREEprep index may be affected by the energy required to maintain
the critical operating conditions, especially when compared with lower-energy extraction
technologies [16].

Studies in other matrices, including cardamom seeds and coffee by-products, also
support the ability of PLE to achieve exhaustive extraction within very short processing
times, with alkaloid recoveries reported to be up to 160% higher than those obtained with
conventional methods [16]. Compared with supercritical fluid extraction (SFE), PLE offers
a selective advantage for medium- to high-polarity compounds because supercritical CO,
generally requires co-solvents to efficiently mobilize alkaloids and polyphenols [29,32].
Overall, PLE can be considered a robust option for the valorization of CPH and CBS,
particularly when high-quality functional ingredients are targeted through rapid and
controlled bioprocessing [16,29,32].

4.3. Cold Atmospheric Plasma

CAP is a non-thermal technology based on the generation of a partially ionized gas
at atmospheric pressure. This gas contains energetic electrons, ions, excited species, and
reactive oxygen and nitrogen species (ROS and RNS) [29]. Its extraction effect is mainly
associated with the interaction between these reactive species and the biomass surface,
which can cause surface erosion, partial depolymerization of lignocellulosic structures, and
increased matrix porosity [1,29]. As a result, solvent access to intracellular compartments
improves and metabolite release into the extraction medium is facilitated, while thermal
degradation of sensitive compounds is limited [1,29]. In cocoa by-products, CAP increased
theobromine recovery from 4443 to 5612 mg/kg when the operating frequency was reduced
from 100 to 70 Hz in aqueous medium, suggesting that plasma-induced microscopic
disruption contributes to cell wall breakdown [29]. A relevant advantage of CAP is its
dual function: it may enhance extraction while also supporting microbial decontamination
and enzymatic inactivation, which is valuable for clean-label ingredients with improved
safety profiles [27,29]. However, CAP is less technologically mature than UAE or PLE
and is highly sensitive to operating factors such as electrode design, applied voltage,
gas composition, and medium conductivity [1,29]. Evidence from other agro-industrial
biomasses supports its potential for toxin reduction and shelf-life improvement, but further
studies are needed to assess long-term extract stability and the economic feasibility of
industrial scale-up [1,27,29].

4.4. Pulsed Electric Field-Assisted Extraction

PEF extraction is a non-thermal technique based on the application of short, high-
intensity electric pulses, from microseconds to milliseconds, to biological tissues placed
between two electrodes [27,29]. Its main mechanism is electroporation, in which the applied
electric field induces temporary or permanent pores in cell membranes, substantially
increasing permeability [27,29].

In cocoa by-products, PEF has been successfully evaluated as a pretreatment for CBS,
reducing mass-transfer resistance and improving extraction kinetics [6,27,29]. This ap-
proach has produced increases of approximately 20% in phenolic compound recovery and
total antioxidant capacity compared with conventional solid-liquid extraction [6,27,29]. A
major advantage of PEF is that it releases intracellular metabolites without severe thermal
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conditions, helping preserve bioactive compound integrity. It is also compatible with
hybrid strategies involving ultrasound or microwave extraction [27,29]. However, process
efficiency depends strongly on electric field strength, number and duration of pulses, pH,
and matrix conductivity [29]. A relevant technical observation is that although 1.74 kV/cm
can optimize polyphenol recovery, the same conditions do not improve methylxanthine
extraction, including theobromine and caffeine, to the same extent. This suggests that
PEF performance depends on the solubility and intracellular location of each target com-
pound [29]. Similar findings in coffee and grape by-products confirm this selectivity and
indicate that analyte-specific optimization is needed before PEF can be considered a robust
industrial option for cocoa-derived nutraceutical production [6,29].

4.5. Microwave-Assisted Extraction

MAE is a green extraction technology that uses electromagnetic radiation, generally
between 300 MHz and 300 GHz, to generate direct volumetric dielectric heating within
the plant matrix [27,29,30]. Process intensification is mainly driven by dipole rotation,
especially of water molecules, and ionic conduction of dissolved solutes [29,30]. Unlike
conventional heating by conduction or convection, microwaves penetrate the biomass
and rapidly evaporate intracellular water. The resulting pressure increase inside cells
can rupture membranes and cell walls, releasing secondary metabolites into the solvent
within a short time [27,29,35]. In cocoa by-products, MAE has improved the recovery of
polyphenols and methylxanthines under short processing conditions. For example, at
97 °C for 5 min, total phenolic content values of up to 35.9 mg GAE/g and global yields
of 34.2 + 0.2% have been reported for cocoa bean shell [6,30]. For methylxanthines, MAE
has produced increases of 72% in theobromine and up to 150% in caffeine compared with
conventional thermal methods [29].

The main advantages of MAE include high energy efficiency, rapid heating, and major
reductions in extraction time and solvent volume [29,30]. MAE can also interact effectively
with alkaline conditions. A pH of 12 has been identified as a key factor for improving
lignocellulosic matrix solubilization and obtaining protein-rich extracts (580 mg/g) and
polysaccharides with useful foaming and emulsifying properties [30]. However, prolonged
exposure or excessive microwave power can promote thermal degradation of thermosen-
sitive compounds, particularly proanthocyanidins, and may increase the co-extraction of
impurities that complicate downstream purification [6,29].

Evidence from other biological matrices, including pectin extraction from fig, apple,
and sweet lemon peels, indicates that MAE can improve not only yield but also selected
structural properties, such as molecular weight and esterification degree [35]. Recent
studies have also combined MAE with deep eutectic solvents (DES), obtaining theobromine
yields of 5.0 mg/g, higher than those achieved using DES under mechanical stirring
alone [29]. Therefore, MAE is a promising technology for the industrial valorization of CBS
and CPH, if power, time, temperature, and pH are carefully optimized to maintain extract
stability and process profitability [6,29,30].

4.6. Subcritical Water Extraction (SWE)

SWE uses liquid water between 100 and 374 °C under pressure. Under these conditions,
the dielectric constant of water decreases substantially, allowing it to behave more like an
organic solvent and dissolve compounds of medium and low polarity [1,15]. The process
relies on changes in the thermodynamic properties of water, which weaken hydrogen
bonding and promote the thermal hydrolysis of structural polymers [15]. In cocoa by-
products, SWE has produced pectin yields of 10.9% from cocoa pod husk and total phenolic
content values of up to 130 mg GAE/g in cocoa bean shell. Its main advantage is that
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water is the only solvent, and selectivity can be adjusted through temperature control.
However, excessive hydrolysis of sugars and the cost of pressure-resistant equipment
remain important limitations. Comparable findings in garlic and citrus by-products support
the technical potential of SWE for bioactive compound recovery [1,15].

4.7. Hybrid Technologies (EAE-UAE)

The combination of enzyme-assisted extraction and ultrasound is one of the most
effective strategies for process intensification. In this hybrid approach, enzymatic com-
plexes, mainly pectinases and cellulases, weaken lignocellulosic cell wall bonds, while
ultrasound-induced acoustic cavitation physically fragments the matrix and accelerates
solute diffusion [1,15]. This synergy has produced one of the highest reported total phenolic
content values in cocoa by-products, reaching 286.97 mg GAE/g in cocoa bean shell [15].
From an industrial perspective, EAE-UAE may reduce energy consumption by 40-60%
and increase processing throughput by up to fivefold. Its main limitation is the need to
synchronize biological parameters, such as enzyme-specific pH and temperature, with
physical variables such as ultrasonic amplitude, while avoiding oxidative degradation
associated with free-radical formation [1].

5. Trends and Future Directions in Cocoa By-Product Extraction and
Value-Added Use

5.1. Drivers of Research Acceleration

Recent research on cocoa by-product valorization has been driven by the need to
recover high-value compounds from residual biomass while reducing the environmental
impact of waste disposal. In this context, green extraction technologies, particularly EAE-
UAE and PLE, have gained increasing attention for the recovery of bioactive compounds
from CBS, CPH, and other cocoa-derived residual fractions [1,16].

Several of these processes have been optimized using response surface methodology
(RSM), allowing extraction conditions to be adjusted according to the target compounds,
solvent composition, temperature, extraction time, and matrix characteristics. Beyond
maximizing extraction yield, these optimization strategies also aim to reduce solvent
consumption, energy demand, and processing time, thereby improving process sustain-
ability and industrial feasibility. For instance, EAE-UAE has enabled the recovery of up
to 279.48 mg GAE/g of total phenolic compounds from cocoa by-products, substantially
exceeding the values commonly reported for conventional extraction methods [1,16]. This
improvement is associated with the combined effect of enzymatic cell wall hydrolysis
and ultrasound-induced cavitation, which facilitates solvent diffusion and the release of
phenolic compounds trapped within the lignocellulosic matrix [15,29]. Compared with
conventional solvent extraction, hybrid green technologies may also contribute to lower
extraction temperatures and shorter residence times, helping preserve thermolabile com-
pounds while reducing overall process intensity.

PLE has also contributed to this research acceleration because extraction under con-
trolled pressure and temperature conditions, up to approximately 120 °C, can increase
solvent diffusivity and compound solubility while weakening hydrogen bonds and van
der Waals interactions between bioactive compounds and the matrix [16,32]. Moreover, the
use of pressurized food-grade solvents may improve extraction efficiency while decreasing
solvent volumes and extraction times compared with conventional solid-liquid extraction
methods. This approach may favor mass transfer while limiting the degradation of heat-
sensitive compounds such as epicatechin under optimized short-time conditions. However,
the preservation of thermolabile molecules strongly depends on residence time, solvent
composition, and temperature control.
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These advances are relevant within a circular-bioeconomy framework because cocoa
processing generates a large amount of residual biomass. Cocoa by-products may represent
approximately 70-80% of the fruit mass, depending on the fraction and the processing
stage [1,5,17,21]. Their conversion into functional ingredients may reduce emissions as-
sociated with waste decomposition, decrease environmental pressure, improve resource
efficiency, and create additional income opportunities for small-scale producers through
the more comprehensive use of cocoa biomass [7,11,14,35].

Nevertheless, extraction performance remains highly dependent on genotype, geo-
graphical origin, maturity stage, post-harvest handling, fermentation, drying, and storage
conditions. Specific varieties, such as the CCN-51 clone, may contain higher concentrations
of polyphenols in the shell than local varieties, such as Nacional cocoa [24,40]. Therefore, fu-
ture research should move beyond generic extraction protocols and develop matrix-specific
strategies adapted to the composition and variability of each cocoa by-product, while also
considering process scalability and economic feasibility.

5.2. Hybridization and Synergistic Extraction Approaches

Hybrid extraction strategies are among the most promising trends for improving the
recovery of bioactive compounds from cocoa by-products while simultaneously enhanc-
ing process efficiency and sustainability. EAE-UAE combines the biochemical selectivity
of enzymes with ultrasound-induced physical intensification. Enzymatic hydrolysis can
selectively degrade structural polysaccharides from the cell wall, whereas acoustic cavita-
tion promotes micro—ruptures, increases solvent penetration, and accelerates mass transfer
within the lignocellulosic matrix [1,15].

This synergistic approach has been reported to achieve high extraction yields in cocoa
by-product extracts, including total phenolic content values of up to 279.48 mg GAE/g
and total flavonoid content values of 41.72 mg CAE/g [1]. These results suggest that
EAE-UAE may overcome some of the structural barriers of cocoa biomass more effectively
than single extraction techniques, especially when target compounds are strongly bound to
cell wall components.

From a technological perspective, hybrid extraction may also contribute to process
intensification by reducing extraction time, solvent requirements, and energy consumption.
Compared with conventional thermal methods, EAE-UAE has been associated with energy
consumption reductions of approximately 40-60% and productivity increases of up to five-
fold [1]. These advantages are particularly relevant for developing scalable processes aimed
at producing food-grade, nutraceutical, or cosmetic ingredients from cocoa by-products.

However, the superiority of hybrid systems should not be generalized without con-
sidering the target compound and matrix type. Technologies such as PEF, PLE, and
MAE may also enhance extraction performance compared with conventional maceration,
with improvements of 20% or more in some cases [1,16,27]. Therefore, the selection of
the extraction strategy should be based not only on extraction yield but also on solvent
safety, environmental impact, energy efficiency, process cost, scalability, and downstream
stabilization requirements.

Future research should also prioritize the integration of hybrid extraction sys-
tems with process modeling, techno-economic assessment, and life-cycle analysis to
better evaluate their industrial applicability and sustainability performance under real
processing conditions.

5.3. Scalability, Process Monitoring, and Industrial Prospects

The industrial adoption of green extraction technologies for cocoa by-products de-
pends not only on extraction yield but also on scalability, resource efficiency, cost, process
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robustness, ingredient safety, and compatibility with food regulations. Although UAE, PLE,
MAE, PEF, CAP, and EAE-based strategies have shown promising results at the laboratory
scale, their translation to pilot and industrial scales remains a key challenge [1,16,27,29].

Scalability requires controlling the variability of cocoa by-products, including dif-
ferences in moisture content, particle size, fermentation conditions, drying history, and
storage stability. These factors can directly influence the extraction performance, energy
requirements, solvent efficiency, and the composition of resulting extracts. Future indus-
trial processes should incorporate standardized raw material characterization and process
monitoring tools to ensure reproducibility, safety, and consistent bioactive quality.

In addition to extraction efficiency, industrial implementation will require minimizing
solvent consumption, improving solvent recovery, reducing water and energy demand, and
ensuring economic viability at large processing volumes. Consequently, the development
of scalable and continuous extraction systems represents a major research priority for the
sustainable valorization of cocoa by-products.

Hydrodynamic cavitation reactors have recently been proposed as a promising indus-
trial scaling alternative because they may provide more intense biomass disruption and
shorter residence times than probe- or bath-type ultrasound systems [29]. Their potential
advantages include improved mass transfer, lower operational costs, and reduced energy
consumption under continuous-flow conditions. However, their application to cocoa by-
products still requires further validation regarding extraction selectivity, energy balance,
equipment design, extract quality, and techno-economic feasibility.

Overall, the future of cocoa by-product valorization will depend on integrating effi-
cient extraction technologies with downstream stabilization, solvent recovery, food-grade
formulation, sensory acceptability, safety assessment, and life-cycle or techno-economic
evaluation. This integrated approach is essential to move from laboratory-scale extraction
to commercially viable functional ingredients that can be realistically incorporated into
sustainable food systems.

6. Circular Economy Approaches for Cocoa By-Product Production
6.1. Use of Residual Cocoa Biomass

Cocoa processing generates substantial amounts of residual biomass. It has been
estimated that approximately 10 tons of wet residues may be generated for each ton of
dry cocoa beans produced and commercialized [24,41]. These residues, which may repre-
sent 70-80% of the total fruit mass, contain valuable compounds such as polysaccharides,
phenolic compounds, minerals, and lignocellulosic material depending on the fraction
considered and the processing stage. Therefore, cocoa by-products can be incorporated into
biorefinery models aimed at producing bioenergy, functional ingredients, biopolymers, soil
amendments, and other value-added products [4,11,14,17]. These approaches are particu-
larly relevant for improving resource efficiency and reducing the environmental burden
associated with residue accumulation and disposal. These strategies are already being
implemented in recent initiatives focused on the valorization of cacao waste, including
biomass-to-energy conversion projects in Ivory Coast [42] and circular economy schemes
in the production chain in Vietnam [43].

This circular valorization model, which organizes cocoa by-product use into three
interconnected stages: feedstock generation, extraction and biorefinery processing, and final
applications, is schematically represented in Figure 3. The feedstock stage includes CBS,
CPH, and cocoa mucilage. The processing stage includes green extraction and conversion
technologies, such as UAE, MAE, PLE, PEF, and CAP, while the application stage includes
functional foods, bioenergy, biopolymers, and soil amendments. The integration of these
stages may contribute to more sustainable biomass management through nutrient recycling,
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energy recovery, and the reduction of waste streams within cocoa production systems. The
model also highlights nutrient cycling and energy recovery as strategies for closing the
cocoa cultivation loop. Table 1 summarizes the compositional characteristics of each by-
product, while Table 2 and Section 4 present the extraction technologies and their effects on
bioactive compound recovery.

PHASE 1: RESIDUAL BIOMASS FEEDSTOCK PHASE 2: EXTRACTION & BIOREFINERY PHASE 3: VALORIZATION & APPLICATIONS

Cocoa bean shell (CBS)

Fiber 13.8-65.6% -
Polyphenols 22-100 mg
GAE g-' - Epicatechin 0.6-
30mgg™

Theobromine: 1.3-11.6 mg g~'

Cocoa Pod Husk (CPH)

Lignocellulosic - Pectin 6~ o
12% - Ligninup to 49% - & 4
Minerals (K, Ca, Mg)

TPC: 46-98 mg GAE/g -
Theobromine 1.1-6.7 mg/g

Cocoa Mucilage

UAE

PEF/CAP

Ultrasound-assisted « Cavitation - 40-60% energy
saving.

T TPC: 286.9 mg GAE/g

Microwave - Dielectric heating - Rapid (310 min)
172% Theobromine - 1150% Caffeine

Pressurized liquid - 80-120°C - 10 MPa
Theobromine: 6.7 mg/g - High antioxidant capacity

Pulsed electric fields - Cold plasma - Non-thermal
420% phenolics - Electroporation & cell rupture

NUTRIENT CYCLING

Compost - Biochar - Liquid fertilizer (K, Ca, Mg) -
Soil regeneration - Plant uptake

ENERGY RECOVERY

Syngas/biochar - Process heat substitution -

Functional Foods
Bakery matrices, meat formulations
(Vlipid oxidation), probiotic carriers,
functional chocolate. 1 Dietary fiber,
Fe, K, Mg.

High-value bioactives
Bioenergy & biochar
Pyrolysis/gasification - biochar (21.7

MJ kg™"), syngas. Carbon
sequestration & soil conditioning.

Energy recovery

iopoly s & active

Pectin extraction (MAE, 5 min, 97°C).
PLA/CBS composite films for
biodegradable packaging.

Carbohydrates 10-15% - {5 L Fossil depandency Material substitution
Soluble fiber - Polyphenols
67-107 mg GAE/g ZERGWASTE i iation & soil 1t

The entire fruit weight is valorized, ensuring compliance

4 H Activated carbon for dye/heavy metal
with circular bioeconomy principles.

adsorption. Biochar for soil structure &
C retention.

Prebiotic potential - Fermentable sugars

80-90% of fruit dry weight constitutes

8 . PHASE 4: SOIL REGENERATION
residual biomass

Environmental remediation

Figure 3. Circular economy model for cocoa (Theobroma cacao L.) by-products: feedstock, green
extraction, high-value applications, and return loop. Abbreviations: UAE, ultrasound-assisted
extraction; MAE, microwave-assisted extraction; PLE, pressurized liquid extraction; CAP, cold
atmospheric plasma; TPC, total phenolic content; PLA, polylactic acid; GAE, gallic acid equivalents;
K, potassium; Ca, calcium; Mg, magnesium.

6.1.1. Use of the Cocoa Bean Shell

CBS contains dietary fiber, minerals, phenolic compounds, methylxanthines, and
other bioactive constituents, which explains the growing interest in its use as a functional
ingredient and raw material for bioproduct development [7,13]. CBS has been incorporated
into gluten-free bread, fiber-enriched cookies, cereal bars, muffins, infusions, and other
cocoa-derived formulations. Its characteristic cocoa flavor, fiber content, and techno-
functional properties make it a promising ingredient for improving nutritional value,
reducing formulation costs, and partially replacing conventional ingredients, such as
refined flour or fat, depending on the product matrix [12]. In addition, the incorporation of
CBS into food products may contribute to waste reduction and promote the use of low-cost
agroindustrial residues within sustainable food systems.

CBS has also been explored as a raw material for bio-adsorbents, activated carbon, and
biomaterials. CBS-derived materials have been investigated for the removal of dyes, such
as Congo red and methylene blue, as well as heavy metals such as lead from wastewater
due to their porous structure and lignocellulosic composition [6,7,12,25]. These applications
expand the potential of CBS beyond food systems and position it as a relevant resource for
environmental remediation.

CBS has been combined with biodegradable polymers such as polylactic acid (PLA) to
obtain biocomposites and packaging materials with potential application in sustainable
packaging systems [6]. The replacement of petroleum-derived materials with CBS-based
biocomposites may also contribute to reducing dependence on non-renewable resources
and improving the environmental sustainability of packaging applications. However, the
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performance, biodegradability, migration behavior, and regulatory suitability of these
materials must be evaluated according to their intended use, especially when food-contact
applications are proposed.

From a nutritional and functional perspective, in vitro studies have shown that CBS
extracts have antioxidant potential and may contribute to reducing oxidative stress under
specific experimental conditions [13]. In addition, the insoluble fiber fraction of CBS
may bind lipids and cholesterol during digestion, suggesting the potential of fiber-rich
products to improve nutritional quality [7]. Nevertheless, these effects should be interpreted
cautiously, as further validation of physiological benefits through in vivo studies and well-
designed clinical trials is required.

6.1.2. Use of Cocoa Pod Husk

CPH is one of the most abundant cocoa by-products and may account for a large
proportion of the fruit mass. CPH often requires pretreatments to improve its conversion
efficiency due to its lignocellulosic nature; however, its availability and composition make
it a suitable candidate for biorefinery approaches [11,14]. Its large availability also supports
the development of scalable valorization strategies in cocoa-producing regions.

A relevant route for CPH valorization is bioenergy production. CPH can be converted
into biochar, bio-oil, and synthesis of gas through thermochemical processes such as com-
bustion, torrefaction, fast pyrolysis, or gasification. These products may contribute to
partial energy self-sufficiency in cocoa-processing facilities, especially when local residues
are generated and processed near the production site [44]. This localized biomass utiliza-
tion may reduce transportation requirements, improve energy efficiency, and decrease
dependence on fossil-based energy sources. For example, carbonized CPH pellets reach
calorific values of approximately 21.7 MJ/kg, indicating their potential use as solid biofuel
within the cocoa sector [44].

CPH is also a source of pectin, with reported values ranging from approximately 6% to
12%, depending on the extraction conditions and characteristics of the raw material [7,21].
Cocoa pod husk pectin can be used as a gelling agent, emulsifier, stabilizer, or excipient
in food, pharmaceutical, and cosmetic applications. Emerging technologies to improve
pectin extraction have also been explored. For example, microwave-assisted extraction
using organic acids reduces the extraction time from several hours to a few minutes under
controlled temperature conditions [27]. These technologies may improve process efficiency
while decreasing solvent use and energy consumption compared with conventional extrac-
tion methods. However, pectin quality, esterification degree, molecular weight, purity, and
functional performance must be standardized before industrial application.

6.1.3. Opportunities for the Valorization of Cocoa Mucilage

Cocoa mucilage is another relevant by-product due to its content of fermentable
carbohydrates, soluble fiber, organic acids, minerals, and phenolic compounds (Table 1).
Traditionally, mucilage is involved in cocoa bean fermentation; however, surplus mucilage
can also be transformed into value-added products such as fermented beverages, artisanal
vinegar, concentrated pulps, syrups, or food formulations [4,17].

Mucilage valorization may represent a practical alternative for rural cocoa-producing
communities because it can be processed using relatively accessible fermentation or con-
centration technologies. Its utilization may also help diversify income sources and reduce
biomass losses at the farm and post-harvest levels. In addition to these applications, its com-
position suggests potential use as a substrate to produce enzymes, organic acids, microbial
metabolites, or functional fermented ingredients through controlled bioprocesses. However,
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further studies are needed to define standardized processing conditions, microbial safety,
shelf-life stability, sensory acceptance, and economic feasibility.

6.2. High-Value-Added Functional Ingredients

Incorporating cocoa by-products into formal value chains can reduce the environ-
mental burden associated with residue disposal and support economic diversification in
cocoa-producing regions [1,6]. The transformation of residual biomass into functional
ingredients, such as prebiotic fibers, standardized polyphenolic extracts, pectin, antioxidant
concentrates, and biochar, represents one of the most promising applications of circular
economy strategies in the cocoa agroindustry [8,14]. These approaches may also improve
biomass utilization efficiency and promote the development of higher-value products from
underutilized residues.

CBS is among the most studied examples, as it has been used in infusions and incor-
porated into bakery products, cereal-based foods, and meat products as a partial substitute
for flour or animal fat [12,27,45,46]. These applications are relevant because they com-
bine nutritional improvement, waste reduction, and product innovation. However, their
practical implementation requires careful evaluation of sensory quality, ingredient safety,
contaminant levels, regulatory acceptance, and consumer perception.

The development of high-value cocoa by-product ingredients also depends on the
articulation of technological capabilities, food regulations, quality standards, and financing
mechanisms for industrial scaling [1,16]. In addition, process scalability, solvent recovery,
production costs, and market feasibility must be considered to ensure the long-term sustain-
ability of cocoa by-product valorization initiatives. Therefore, circular valorization should
be viewed not only as an environmental strategy but also as a pathway for productive inno-
vation, rural income generation, and improved cocoa value chain competitiveness [6,14,17].

6.3. Use of Cocoa Residues as Fertilizers and Soil Amendments

Cocoa residues can also be transformed into fertilizers or organic amendments, which
contribute to nutrient cycling within cocoa production systems. CPH and CBS contain
relevant mineral fractions, with ash contents ranging approximately from 5 to 13% (Ta-
ble 1), including potassium, calcium, and magnesium. Returning these nutrients to the
soil through compost, biochar, or properly treated liquid amendments may help close
nutrient loops and reduce dependence on external fertilizers. These practices may also
improve the sustainability and resilience of cocoa agroecosystems through more efficient
nutrient management.

This approach is consistent with circular practices already applied in other agroindus-
trial systems. For example, coffee pulp and husks are commonly composted to produce
organic amendments that can be reintegrated into plantation soils [47]. In oil palm cultiva-
tion, empty fruit bunches and leaves are used as soil amendments to improve fertility and
soil structure [48]. These examples suggest that cocoa residues could be managed under
similar circular nutrient-recycling models, particularly in regions with limited access to
industrial valorization infrastructure.

Although the industrial conversion of cocoa by-products into pectin, antioxidant ex-
tracts, or functional ingredients may generate higher value per ton of processed biomass,
these processes require equipment, technical expertise, quality control, regulatory compli-
ance, and minimum processing scales. Composting and biochar production may be more
accessible for small producers and rural communities, provided that adequate management
practices are implemented. These low-technology alternatives may represent economically
feasible and locally adaptable strategies for residue management in resource-limited re-
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gions. Soil amendment production may represent a realistic and locally applicable strategy
for cocoa residue management.

Among the available alternatives, CPH composting, either alone or combined with
other organic residues, can generate organic amendments suitable for soil improvement.
Biochar produced by heating biomass under limited oxygen conditions may improve soil
structure, water retention, cation exchange capacity, and nutrient availability while also
contributing to carbon sequestration. In addition, mineral-rich liquid fractions derived from
processing may have potential as liquid fertilizers; however, their use should be preceded by
chemical characterization, treatment, and agronomic safety assessment. Overall, returning
stabilized cocoa residues to the soil can help close nutrient cycles and strengthen circularity
in cocoa production systems [11,44].

7. Food and Industrial Applications of Cocoa By-Products

Cocoa is mainly used in chocolate production; however, cocoa by-products are in-
creasingly being investigated as sources of dietary fiber, minerals, phenolic compounds,
methylxanthines, pectin, and other bioactive constituents with potential use in food, nu-
traceutical, and bioproduct applications [4,22,49]. During cocoa processing, only a limited
fraction of the fruit is converted into commercial beans, while substantial amounts of
residual biomass, including CPH, CBS, and cocoa mucilage, are generated [7,8,35]. These
residues may represent an environmental and economic challenge if not properly managed.
Conversely, under a biorefinery approach, they can be valorized as raw materials for the
development of functional ingredients, biofuels, biomaterials, and food products with
added value [6,7,14,17]. This valorization strategy may contribute to improving resource
efficiency, reducing waste generation, and promoting more sustainable production systems
within the cocoa agroindustry. Table 4 summarizes the representative food applications of
cocoa by-products, including their inclusion levels, effects on product properties, and main
technological or sensory barriers.

Table 4. Food applications of cocoa by-products, effects on product properties, and technological barriers.

Catecor Product/ By-Product and Technological, Nutritional, Technological and Ref
gory Application Inclusion Levels and Sensory Effects Sensory Barriers :
1 Dietary fiber, minerals 1 Hardness at high levels.
CBS flour/powder; (Fe, K, Na, Cu, P),and TPC  Particle size affects texture
Cookies 10-40% flour Cocoa-like flavor and J Sensory acceptance when  [12,50,51]
replacement dark color color and aftertaste
High acceptability at 20% are intense
1 Antioxidants and } Volume and changes in
CBS powder; 30-50% chocolate flavor o textul"e/ appearance at high
. | Fat when used as lipid substitution
Cakes and muffins as fat or . . e ¢ [12,20,35]
flour substitute substitute Requires optimization o
< Crumb stability alkalization and
Bakery and depending on formulation ~ particle size
confectionery
1 Hardness and coarser
. . crumb structure
. . CBS flour; 2-8% (up 1 Dietary fiber, WBC, and .
Bread (including to 50% with minerals (K, Mg, Ca) | Specific volume and [12,50,51]
gluten-free) ; digestibility
pretreatments) Improves functional value P
retreatments may
be required
1 Dietary fiber and tTr::tﬁ:th size after
. CBS/CPH-derived minerals (Fe, Zn) .. - [6,12,27,29,
Functional chocolates . . o 1 Refining efficiency and =
ingredients; 5-15% Darker color theology 52]

<+ TPC may be maintained

Requires sensory control
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Table 4. Cont.
Cateeo Product/ By-Product and Technological, Nutritional, Technological and Ref
gory Application Inclusion Levels and Sensory Effects Sensory Barriers ’
1 Cohesion during J Expansion at high
. processing fiber levels
Snacks Extruded corn snacks EPH pectin f,’r CBS 1 Fiber and minerals Extrusion issues [35,53]
ractions; ~1% . R . .
<> Expansion may improve  Requires optimization of
at low concentration moisture and particle size
T Bioaccessibility of
. . . CBS for infusion; methylxanthines and T BlFtemess an_d astringency B
Drinks and infusions polyphenols at high extraction intensity ~ [4,6,12,45]
2-40 g/L or tea bags . .
1 Antioxidant potential J Sensory preference
Beverages C lex fl £l
omplex flavor profile
Dairy NADES extraclts OCI{ Safe and sensory acceptable Lack of regulation for
beverages/yogurt microencapsulate extracts NADES in foods [2,21,36]
CBS; 1-10% CBS acts as prebiotic fiber
T Probiotic carrier capacity ! LO.V\.] pH affects probiotic
Dairy and Cocoa ( L. rhamnosus) stability
ary a Probiotic sorbets pulp/mucilage; 1-5% &8 b T . J Appearance acceptance [26]
desserts . - 1 Color intensity - )
with fruit juice Requires shelf-life
Creamy texture P
validation
‘T/ifcrg:iltsylon stability and J Protein by dilution
Sausages CBS POYder; 1 Cooking losses POSSlbk? ISW salt [11,27,54]
0.25-2.0% perception
T Color Texture affected by fiber
Meat products 1 Acceptability at 0.75-1.0% y
CBS-based emulsions; 1 Cooking yield TT IIjIl;)rlgnoez;datlon risk
Burgers/patés 50-100% fat Improved fatty acid profile ; [1,15]
7 Requires texture
replacement 1 Atherogenic index optimization

Note: 1, increase or improvement; |, decrease or reduction; <, variable or formulation-dependent effect. CBS,
cocoa bean shell; CPH, cocoa pod husk; Fe, iron; K, potassium; Na, sodium; Cu, copper; P, phosphorus; Mg,
magnesium; Ca, calcium; Zn, zinc. TPC, total phenolic content; WBC, water binding capacity. Effects may
vary depending on by-product composition, particle size, pretreatment, inclusion level, formulation, processing
conditions, and sensory profile.

7.1. Bakery, Confectionery, and Extruded Snacks

The incorporation of CBS into bakery products is one of the most developed food
applications because of its high fiber content, which may reach approximately 60%, and
its cocoa-like aroma [6,12]. Partial replacement of flour or fat with CBS powder at levels
between 10% and 40% increases dietary fiber and relevant minerals such as iron, potas-
sium, and phosphorus in cookies, breads, and muffins [12,50,51]. In the reformulation of
traditional Peruvian flatbread, known as Pan Chapla, a 25% inclusion level of CBS was
reported to be sensorially comparable to the conventional formulation while providing a
marked increase in antioxidant capacity [50]. However, high substitution levels, particu-
larly above 20%, may impair technological quality by increasing hardness, reducing specific
volume, and intensifying sensory notes such as cocoa flavor, bitterness, and residual astrin-
gency [12,20,35]. In extruded snacks, CPH-derived pectin and CBS fractions can improve
the nutritional profile, with TPC values reported up to 1.85 mg GAE/g; nevertheless, exces-
sive fiber addition may reduce expansion and increase product density [35,53]. Functional
chocolates have also been developed by fortifying conventional formulations with CBS,
increasing fiber content without substantially altering the polyphenolic profile [6,27].

7.2. Beverages and Dairy Products

Cocoa by-products offer several opportunities in the development of functional bev-
erages. CBS infusions, commonly referred to as cocoa tea, can retain up to 85.3% of the
original phenolic compounds and provide a beverage with relevant radical-scavenging
capacity and bioaccessible methylxanthines [4,12,45]. Their sensory acceptability may be
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improved by blending CBS with spices such as ginger or cinnamon, which can help bal-
ance bitterness and astringency [45]. Cocoa mucilage, which is rich in fermentable sugars,
above 70% on a dry basis, is a suitable substrate for fermented beverages, vinegars, and
liqueurs [7,26]. One relevant example is the development of probiotic sorbets using 95%
mucilage juice, which acts as a suitable carrier for Lactobacillus rhamnosus while preserving
high cell viability and taking advantage of the natural sweetness of the fruit fraction [26].
In addition, NADES have been safely used to obtain bioactive extracts for the fortification
of chocolate milk and yogurt, effectively increasing their polyphenol content [3].

7.3. Meat and Muscle-Based Products

In meat systems, cocoa by-products may act as emulsion stabilizers, fiber-rich ingredi-
ents, and partial fat replacers. In Frankfurt-type sausages, CPH flour at 1.5% to 3.0% can
replace starch, improve emulsion stability, and reduce cooking losses because of its high
water-binding capacity, reported at 28.9 g/g [11,27,42]. In beef burgers, CBS incorporated
into gelled emulsions can replace up to 50% of animal fat, improving the lipid profile
by increasing the proportion of polyunsaturated fatty acids [46,55]. These ingredients
may also inhibit lipid oxidation during refrigerated storage and, in some formulations,
perform better than synthetic antioxidants such as BHT [11,27,55]. A relevant technological
challenge is the perception of reduced saltiness reported in some products, which has
been attributed to the mucoadhesive properties of cocoa fibers. This effect requires careful
formulation adjustment to maintain consumer acceptability [42].

7.4. Industrial, Environmental, and Biomedical Applications

Beyond food applications, cocoa residues have intrinsic value as raw materials for
materials, energy, and environmental technologies Table 5. CPH, with lignin contents
reported up to 49.09%, is a relevant feedstock for bioplastics such as polyhydroxybutyrate
(PHB), paper, and particleboard production [14,35,39]. In environmental management, the
highly porous structure of CBS and CPH makes these materials effective bioadsorbents
for removing heavy metals, including lead, copper, nickel, and cadmium, from industrial
wastewater, aqueous effluents, contaminated environments, and acidic soils [6,7,17,38,39].
From a biomedical perspective, CBS extracts have shown anticariogenic properties by in-
hibiting dental plaque formation and may have anti-aging potential through the inhibition
of collagenase and tyrosinase enzymes [1,14,39]. Finally, their rich carbohydrate and ligno-
cellulosic composition supports bioenergy production, including biogas and bioethanol
through anaerobic digestion and fermentation processes, thereby contributing to circular
economy strategies [14,39,44].

Table 5. Industrial and environmental applications of cocoa by-products.

By-Product and

Technological and

Application Purpose Key Findings Economic Barriers Ref.
Development of gels for wrinkle Extract standardization.
Cosmetics CPH and CBS extracts reduction and skin care due to Stability validation in cosmetic  [2]
their high antioxidant capacity formulations. Production costs
Production of bioethanol, biogas, s .
biochar, and syngas through Imtl.al investment in
Bioenergy CBS and CPH for thermochemical and fermentative ~ CtiPment Process energy [25]

energy production

efficiency. Logistics for

processes. Carbonized CPH pellets biomass collection and storage

reach approximately 21.7 MJ /kg
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Table 5. Cont.
c By-Product and g Technological and
Application Purpose Key Findings Economic Barriers Ref.
. Use in bioplastics (PHB), paper, COl’n.patlbllle Wl.th polymer
Materials matrices. Migration of
. . CPH and CBS heavy-metal adsorbents :
(bioplastics, . . . . compounds in food-contact [17]
lignocellulosic fractions  (lead/cadmium), and .. .
adsorbents) olvpropvlene fillers applications. Industrial
POLYPTOPY scalability
. . . Clinical validation in humans.
Anticariogenic properties and Formulation in oral hyeiene
Oral health CBS extracts inhibition of dental . Y& [2]
- products. Stability of
plaque formation bi .
ioactive compounds
Supplement in diets for pigs, Efficient removal of
Animal nutrition Remediated CBS poultry, and fish. Improves theobromine, which is toxic to [25]
© and CPH nutritional status when some animals. Animal )
theobromine is removed acceptance. Treatment cost
. Cost-benefit ratio compared
Fertilizers and soil CBS/CPH compost S;pré}{o(;i?;lgflﬂtsrgg; t(:ca,cll\g;g)irto with synthetic fertilizers. [11,39,
amendments or biochar ) y Application logistics. Compost ~ 44]

cocoa production systems quality standardization

Note: CBS, cocoa bean shell; CPH, cocoa pod husk; MJ /kg. Barriers: equipment costs, process efficiency, biomass
logistics, and quality standardization.

8. Safety Assessment and Contaminant Profiling of Cocoa By-Products

The use of cocoa by-products as food ingredients requires a specific safety assessment
because these matrices may concentrate contaminants from agricultural, environmental,
post-harvest, and thermal processing sources. This is particularly relevant for CBS, which
acts as the outer protective layer of the bean and is directly exposed during fermentation,
drying, storage, transport, and roasting. Therefore, although CBS, CPH, and cocoa mucilage
contain valuable dietary fiber and bioactive compounds, their incorporation into food
systems should be supported by contaminant monitoring, microbiological control, and
compliance with food safety regulations [6,38].

Heavy metals are among the main concerns in cocoa-derived matrices. Cacao plants
can absorb non-essential metals from the soil, and their accumulation may be influenced by
geographical origin, soil composition, volcanic substrates, fertilizer use, and environmental
contamination. CBS may retain relevant levels of lead, cadmium, nickel, and chromium
because of its high adsorptive capacity and external position in the bean. In some cases,
lead concentrations in the shell have been reported to be substantially higher than those in
the inner bean fraction, emphasizing the need for origin-based raw material selection and
routine analytical verification [6,38]. However, available studies also show that contamina-
tion is not inevitable. For instance, analyses of CBS powder intended for infusion reported
the absence of cadmium and lead, although chromium and nickel were detected at low or
moderate levels [45]. Similarly, a cocoa shell sample from Ecuador showed cadmium levels
below the maximum permitted limit reported for that matrix [56]. These findings indicate
that risk is highly dependent on origin, cultivation practices, and processing conditions.

My-cotoxins represent another relevant safety issue, especially when fermentation,
drying, or storage conditions favor fungal growth. Species belonging to Aspergillus,
Penicillium, Absidia, and Eurotium have been associated with cocoa shell contamination,
and ochratoxin A (OTA), aflatoxins B1, B2, G1, and G2, and deoxynivalenol have been
reported in cocoa by-products [6,38]. The relevance of this risk is increased by the fact that
a large proportion of the total OTA load of cocoa beans may be in the shell fraction [6].
Since mycotoxins are relatively heat-stable, roasting cannot be considered a sufficient
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control measure; nevertheless, controlled roasting conditions may contribute to partial
OTA reduction [38]. Consequently, rapid drying, adequate moisture reduction, hygienic
post-fermentation handling, and storage under low-humidity conditions are essential to
limit fungal proliferation and toxin formation.

Pesticide and insecticide residues should also be considered when cocoa by-products
are obtained from conventional production systems. Compounds applied to control pests
and diseases may remain on external fruit or bean fractions, and CBS may be particularly
exposed because of its porous structure and direct contact with agrochemicals during
cultivation and post-harvest handling [6,38]. Therefore, traceability of raw materials, good
agricultural practices, and residue screening are required before cocoa by-products are
incorporated into food formulations.

Thermal processing can introduce an additional safety concern through the formation
or accumulation of polycyclic aromatic hydrocarbons (PAHs), particularly when cocoa
materials are dried close to smoke sources, exposed to combustion gases, or subjected
to inadequate roasting conditions. PAHs are toxic compounds formed by incomplete
combustion or pyrolysis of organic matter, and some of them, including pyrene and
PAH markers, are regulated because of their genotoxic and carcinogenic potential [6,57].
Although commercial analyses have reported non-detectable levels of the main PAHs in at
least one CBS sample, this evidence should be interpreted as product- and process-specific
rather than generalized to all cocoa shell materials [57]. Thus, smoke-free drying, controlled
roasting, and PAH monitoring remain necessary for food-grade applications.

Beyond chemical contaminants, safety assessment should also include microbiological
quality and biologically relevant exposure to native cocoa constituents. Microbiological
analyses of cocoa-shell infusions have reported the absence of E. coli and acceptable levels
of molds and yeasts under controlled processing conditions [56]. In vitro studies have also
shown that digested CBS flour fractions were not cytotoxic to intestinal and hepatic cell
models and even preserved cell viability under oxidative stress conditions [13]. However,
the presence of methylxanthines, particularly theobromine, should be considered when
cocoa by-products are used at high inclusion levels or in animal feed, where adverse effects
have been reported at excessive dietary concentrations [7]. Overall, the safe valorization
of cocoa by-products requires an integrated quality-control strategy that combines origin
selection, standardized post-harvest handling, contaminant screening, microbial control,
and exposure assessment according to the intended food application.

9. Future Perspectives

The keyword co-occurrence analysis shown in Figure 4 indicates that recent research
on T. cacao L. by-products has progressively evolved from basic compositional character-
ization toward the development of value-added functional ingredients and sustainable

a

food applications. The prominence of keywords such as “antioxidants,” “polyphenols,”
“flavonoids,” “dietary fiber,” and “functional food” highlights the increasing scientific in-
terest in the nutritional and bioactive potential of cocoa residual biomass. Additionally, the

i

recurrent appearance of terms such as “cocoa bean shells,” “cocoa pod husk,” and “cocoa
by-products” suggests a growing research emphasis on the valorization of agro-industrial
residues within circular economy and sustainable resource management frameworks. This
trend reflects a transition from conventional waste disposal practices toward integrated
strategies aimed at recovering bioactive compounds, dietary fiber, and other functional
ingredients with potential applications in food and nutraceutical systems. The overlay
visualization further reveals a temporal evolution in research priorities. Earlier studies were
predominantly focused on chemical characterization, antioxidant activity, and methylx-

anthines, whereas more recent publications increasingly incorporate concepts related to
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extraction technologies, food ingredients, dietary fiber, and functional food applications.
This evolution demonstrates a progressive shift from descriptive compositional studies
toward the development of innovative and value-added products derived from cocoa
processing residues.

cocoa bean shells

food ingredients

polyphenols
functionals JleiRtber
flavonoid
bioactive é@mpounds
extragtion
cocoa beans .
henolics fermeptation
F cocoa pod husk
phytochemical cocoa by-products cagao
antioxidants
methylxanthines
food additives cocoa

functional food chemistry

nutraceuticals
nuttition

caffeine

alkaloidicontents
theobromine

;@g VOSviewer ' ]
i 2021 2022 2023 2024 2025 2026

Figure 4. Keyword co-occurrence analysis of scientific publications on cocoa by-products and food
applications VOSviewer software version 1.6.19 was used to generate overlay visualization based on
publications retrieved from the Scopus database for the period 2021-2026 using the following search
query: (“cocoa by-products” OR “cocoa waste” OR “cocoa pod husk” OR “cocoa bean shell”) AND
(“food application” OR “food products” OR “functional food”). The node size represents the relative
occurrence of each keyword, the links indicate co-occurrence relationships, and the colors indicate
the average publication year.

Despite these advances, the comparatively lower occurrence of terms associated
with biological validation, clinical evidence, safety assessment, techno-economic analysis,
industrial scalability, and life-cycle sustainability indicates that significant knowledge gaps
remain. These limitations suggest that, although cocoa by-products exhibit considerable
potential as functional resources, further multidisciplinary research is required before their
large-scale integration into food and nutraceutical value chains can be fully achieved.

Therefore, future research should move beyond the identification and characteriza-
tion of bioactive compounds and place greater emphasis on process optimization, green
extraction technologies, environmental performance, economic feasibility, industrial scal-
ability, and regulatory and safety considerations. In this context, research on cocoa by-
product valorization has progressively expanded across different regions worldwide, re-
flecting growing scientific and industrial interest in the sustainable utilization of cocoa
processing residues.

However, stronger international collaboration among cocoa-producing countries and
multidisciplinary research institutions remains necessary to promote scientific advance-
ment, technological transfer, and the development of integrated biorefinery approaches.
Strengthening these collaborative networks could facilitate the implementation of more
sustainable and circular strategies for the recovery, transformation, and utilization of co-
coa by-products, thereby contributing to waste reduction, resource efficiency, and the
development of sustainable food and nutraceutical systems.
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Future research should move beyond the characterization of cocoa by-products and
focus on their practical transformation into standardized, safe, and functional ingredients.
At least five research priorities can be identified in this regard. First, extraction and
processing protocols should be standardized according to the specific by-product fraction,
including CBS, CPH, and cocoa mucilage. Second, the biological effects of cocoa-derived
ingredients should be validated through in vivo studies and, when applicable, clinical trials
because many health-related effects are still based mainly on compositional data, in vitro
assays, or simulated digestion models. Third, the safety of these ingredients, including
possible contaminants, pesticide residues, mycotoxins, heavy metals, microbial quality,
methylxanthine exposure, and antinutritional factors, must be assessed.

Fourth, future studies should evaluate the incorporation of cocoa by-products into real
food matrices under industrially relevant conditions. This requires optimization of particle
size, pretreatments, inclusion levels, sensory quality, shelf-life stability, and consumer
acceptance. Although cocoa by-products can improve dietary fiber, mineral content, pheno-
lic composition, and antioxidant potential, excessive incorporation may negatively affect
texture, color, flavor, astringency, bitterness, and technological performance. Therefore,
formulation studies should integrate nutritional, technological, sensory, and safety criteria.

Finally, the value of cocoa by-products should be assessed within a circular economy
and sustainability framework. As shown in Figure 5, residual cocoa biomass can contribute
to several Sustainable Development Goals (SDGs), particularly SDG 2 through the develop-
ment of nutritionally enriched ingredients, SDG 12 through responsible production and
waste reduction, and SDG 13 through the reduction of environmental impacts associated
with biomass disposal and the development of bioenergy, biochar, and soil amendment
strategies. However, these benefits will only be achievable if producers have access to tech-
nological solutions that are economically feasible, environmentally justified, and supported
by adequate regulatory and quality-control systems.

Whole Cocoa Pod Valorization routes
[INPUT] SGDs
s ~ =
y Cocoa By-Products « Functional ingredient in
4 bakery products.
—\ « Dietary fiber
CBS « Bioactive extracts
v /
| 2
Cocoa processing < N
system X
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Mucilage (kombucha-like, probiotic
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> S !'“ b « Syrups and concentrated pulps
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butter and powder CPH - N
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Figure 5. Contribution of cocoa by-product valorization pathways to SDGs. The scheme illus-
trates how CBS, Mucilage, and CPH favor sustainable development through specific routes: SDG
2 (Zero Hunger) via functional ingredients and dietary fiber; SDG 12 (Responsible Consumption
and Production) via fermented beverages and concentrated pulps; and SDG 13 (Climate Action) via
bioenergy production and circular nutrient recycling. Abbreviations: CBS, cocoa bean shell; CPH,
cocoa pod husk.
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Overall, integrating green extraction technologies, functional ingredient development,
safety assessment, sensory validation, industrial scalability, and sustainability evaluation
are essential for the future of cocoa by-product valorization. This integrated approach is
essential to move from laboratory-scale studies toward real-world applications in food
systems while supporting more circular, inclusive, and sustainable cocoa value chains.

10. Conclusions

Cocoa by-products, particularly CBS, CPH, and cocoa mucilage, represent valuable
sources of dietary fiber, phenolic compounds, methylxanthines, minerals, and other bioac-
tive constituents with potential for the development of functional ingredients within
circular-economy frameworks. The evidence reviewed indicates that under optimized
conditions, emerging extraction technologies, including UAE, PLE, MAE, PEF, CAP, and
hybrid enzyme-assisted approaches, can improve the recovery of phenolic compounds and
methylxanthines compared with conventional extraction methods.

These advances support the use of residual cocoa biomass in food applications such
as bakery products, beverages, meat systems, chocolates, and other functional formula-
tions. The incorporation of cocoa by-products may contribute to nutritional enrichment,
waste reduction, and value-added ingredient development. However, their industrial
implementation still faces relevant challenges, including raw material variability, lack of
standardized extraction and processing protocols, limited scalability, sensory constraints,
safety requirements, and insufficient techno-economic and life-cycle assessments.

Future research should focus on the standardization of raw materials and extraction
protocols, biological validation of bioactive effects through in vivo studies and, when
appropriate, clinical trials, and the optimization of food formulations to ensure sensory
acceptability, safety, regulatory compliance, and shelf-life stability. Addressing these gaps
will be essential to move cocoa by-product valorization from laboratory-scale studies
toward sustainable and commercially viable applications in the food industry.

Overall, the sustainable valorization of cocoa by-products requires an integrated
resource-management approach that considers not only their functional and bioactive po-
tential, but also processing efficiency, environmental impact, scalability, economic feasibility,
and opportunities for nutrient and energy recovery within circular food systems.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Definition

CAE Catechin equivalents
CAP Cold atmospheric plasma
CBS Cocoa bean shell
CMC Carboxymethyl cellulose
CPH Cocoa pod husk
EAE Enzyme-assisted extraction
FRAP Ferric reducing antioxidant power
GAE Gallic acid equivalents
MAE Microwave-assisted extraction
ORAC Oxygen radical absorbance capacity
PEF Pulsed electric field
PLA Polylactic acid
PLE Pressurized liquid extraction
RNS Reactive nitrogen species
ROS Reactive oxygen species
SDGs Sustainable Development Goals
SWE Subcritical water extraction
TFC Total flavonoid content
TPC Total phenolic content
UAE Ultrasound-assisted extraction
WBC Water-binding capacity
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