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Abstract: Cocoa bean shell (CBS), a by-product from the chocolate industry, is an interesting source
of bioactive compounds. In this work, the effects of time and pH on the hydrothermal hydrolysis
of CBS were evaluated with the aim of maximizing the extraction of antioxidant and functional
compounds from this biomass. In general, all treatments tested led to improvements in the extraction
of bioactive compounds compared to untreated samples. The maximum values for antioxidant activity
(187 µmol TE/g CBS dw) and phenolic compounds (14.5 mg GAE/g CBS dw) were obtained when
CBS was treated at pH 4 for 10 min. In addition, maximum amounts of flavonoids (10.1 mg CE/g
CBS dw), tannins (6.5 mg CE/g CBS dw) and methylxanthines (9 mg/g CBS dw) were obtained
under mild pH conditions (4–5). It is noteworthy that these values are higher than those reported in
the literature for other vegetable substrates, highlighting the potential of CBS to be valorized as a
source of different value-adding products.
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1. Introduction

Environmental and economic issues relating to the generation of food wastes from the
agri-food industry have led to a pressing need to find alternatives that allow the transfor-
mation of these residues into high-value bio-based products [1]. In this context, modern
food industries are adopting the concept of the circular economy (CE) based on waste
minimization, recovery and recycling, leading to more sustainable and environmentally
friendly processes [2].

Generally, shells, peels and husks are the main residues from the agri-food industry,
and these wastes can serve as potential substrates for obtaining high-quality products,
such as antioxidants and phenolic compounds. The cocoa industry generates substantial
amounts of residues and by-products every year (approximately 20 tons per ton of dry
cocoa beans), including cocoa pod husk (CPH), cocoa bean shell (CBS) and mucilage [3].
CBS is the external shell that covers the cocoa bean, and it contributes to almost 20% of the
total cocoa bean weight. Despite the fact that this by-product is usually discarded as waste,
CBS is gaining increasing interest as a source of bioactive compounds since it contains
diverse antioxidants, dietary fiber, carbohydrates, and proteins [4]. In particular, polyphe-
nols such as flavonoids and tannins, along with methylxanthines (mainly theobromine and
caffeine), contribute to health benefits derived from the consumption of cocoa products,
due to their antioxidant, anti-tumor and anti-inflammatory properties [5]. Methylxanthines
are commonly known for their physiological effects on the renal, respiratory, cardiovascular
and central nervous system, as well as their anticarcinogenic properties. The main phenolic
compounds present in CBS are flavanols, specifically catechin, epicatechin and procyani-
dins, while theobromine and caffeine are the major alkaloids found in this by-product [6].
Additionally, saponins are other secondary metabolites present in cocoa residues, exhibiting
antibacterial, anti-inflammatory, antiviral, antiparasitic and hemolytic properties.
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Conventional extraction methods using organic solvents (i.e., acetone, methanol,
ethanol) have been widely employed to recover phenolic compounds and value-added
products from plant-based materials. However, these technologies frequently require high
energy and solvent consumptions and often entail the oxidation and denaturation of the
extracted polyphenols [7]. An environmentally friendly alternative to organic solvents is
the use of water as a solvent, which is particularly advantageous for extracting phenolic
compounds from food-processing by-products, due to its non-flammable, non-corrosive
and non-toxic properties. In particular, hydrothermal hydrolysis is commonly employed
with lignocellulose raw materials because of its ability to increase the porosity of the
material, facilitating the extraction of compounds of interest. In addition, this extraction
method is cost-effective, simple to operate and avoids problems derived from the use of
organic solvents [8]. Many processes used to extract functional compounds from vegetable
matter are based on hydrothermal, acid or alkali pretreatments, due to their good results
and feasibility for scaling up [9]. In fact, it has been reported that hydrothermal hydrolysis
can break chemical bonds between phenolic compounds and cell wall components (i.e.,
proteins, cellulose and hemicellulose), allowing their extraction. Conversely, when organic
solvents are employed, these bonds cannot be broken [10].

Some authors have reported the extraction of bioactive compounds from CBS using
different techniques, including microwave-assisted extraction (MAE), ohmic heating, deep
eutectic solvents, and organic solvents [11–13]. However, the use of hydrothermal hydroly-
sis for this purpose has been scarcely investigated. Therefore, the aim of the present work
is to evaluate the effect of different hydrothermal hydrolyses performed under different
operating conditions (time and pH) to maximize the sustainable recovery of a wide range
of bioactive compounds from CBS.

2. Materials and Methods
2.1. Raw Material

CBS was supplied by a local chocolate factory located in Asturias (Spain) and was
obtained after the roasting process of the Forastero variety of cocoa beans (Ivory Coast).
The material was stored at room temperature (20 ◦C) until use.

2.2. Hydrothermal Hydrolysis

In order to maximize the extraction of bioactive compounds, different hydrolyses were
carried out. A total of 15 g of CBS was mixed with 100 mL of distilled water (13% w/w)
in a 250 mL Pyrex bottle, and the mixture was placed in an autoclave (AES 110 Raypa,
Raypa, Spain). All hydrolyses were performed at 135 ◦C and 2 bar for different durations
(3, 5, 7, 10 and 13 min) and at different pH levels (2, 3, 4, 5, 8 and 10). These conditions
were selected based on previous assays [9]. The pH was adjusted by adding 1 M HCl
(Merck, Rahway, NJ, USA) or 5 M NaOH (Merck, Rahway, NJ, USA) prior to the hydrolysis
process. The temperature was selected by considering previous assays carried out with
fruit and vegetable waste [8]. After hydrolysis, the mixture was centrifuged at 10,000 rpm
for 15 min (Heraeus Multifuge X1 Centrifuge Series, Thermo Fisher Scientific, Waltham,
MA, USA), and the recovered supernatant was filtered through a 20 µm cellulose filter.
Finally, the pH was adjusted to between 6 and 7 using 5 M NaOH, and the samples were
frozen until analysis.

2.3. Analytical Methods
2.3.1. Dry Extract

To express the results on a dry weight basis (dw) (w/w), the moisture content of CBS
was determined by gravimetry. Briefly, 3 g of the sample was weighed with sea sand
(Panreac, Monza, Italy) dried in a stainless-steel capsule. The mixture was then dried in
an oven for 24 h at 105 ◦C and, after cooling, was weighed again. The dried extract and
moisture content were calculated based on the difference between the initial and final
weight, according to the following Equation (1):
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Moisture content (%) =
M1 − M2

M1 − M0
×100 (1)

where M0 is the weight of the capsule, M1 represents the weight of the capsule and sample
before drying, and M2 is the weight of the capsule and sample after drying. Once the
moisture content was determined, the percentage of dry extract was calculated as follows:

Dry extract (%) = 100 − moisture content (%) (2)

2.3.2. Antioxidant Activity

The antioxidant activity of the samples was determined using the ABTS (2′2-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic-acid)) method as described by Botella-Martinez et al.
(2021) [14] with some modifications. In brief, 3.9 mL of ABTS radical solution was added to
100 µL of sample and the mixture was incubated for 30 min at room temperature. Finally,
the absorbance was measured at 734 nm using a spectrophotometer (AnalytikJena Spekol
1300/1500, Jena, Germany). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) (Sigma Aldrich, St. Louis, MO, USA) was employed as a standard, and the results
were expressed as µmol of Trolox equivalents (TE) per gram of dried CBS.

2.3.3. Total Phenolics

The total phenolic content (TPC) in the samples was determined using Folin–Ciocalteu’s
method, according to the procedure described by Sánchez et al. (2022) [8]. In brief, 400 µL
of the sample was mixed with 3 mL of Folin–Ciocalteu reagent 1:10 (VWR, France), and the
mixture was incubated at 22 ◦C for 5 min. Subsequently, 3 mL of sodium bicarbonate (6%
w/w) was added to the sample, and it was further incubated at 22 ◦C for 90 min. Finally,
the absorbance was measured at 725 nm using a spectrophotometer (AnalytikJena Spekol
1300/1500, Jena, Germany). Gallic acid (Sigma-Aldrich, St. Louis, MO, USA) was employed
as a standard, and the results were expressed as mg of gallic acid equivalents (GAE) per
gram of dried CBS.

2.3.4. Total Flavonoids

The total flavonoid content (TFC) was determined using the aluminum chloride
method. Briefly, 0.3 mL of 5% NaNO2 was added to 100 µL of the sample, as well as 4 mL of
distilled water. The mixture was incubated for 5 min at room temperature. Then, 0.3 mL of
10% AlCl3 was added to the sample, and the incubation continued for an additional 6 min
at room temperature. Finally, 2 mL of 1 M NaOH and 3.3 mL of distilled water were added
to the sample, and after homogenizing, the absorbance was measured at 510 nm using
a spectrophotometer (Thermo Scientific™UV-Vis GENESYS™ 150, Madison, WI, USA).
Catechin (Sigma-Aldrich, St. Louis, MO, USA) was used as a standard, and the results were
expressed as catechin equivalents (CE) per gram of dried CBS.

2.3.5. Condensed Tannins

The condensed tannin content was obtained using the vanillin method. An aliquot of
0.25 mL of sample was mixed with 1.5 mL of 4% vanillin solution in methanol and 0.75 mL
of 37% HCl. The mixture was incubated at 30 ◦C for 15 min and the absorbance was
measured at 500 nm using a spectrophotometer (Thermo Scientific™UV-Vis GENESYS™
150, Madison, WI, USA). Catechin (Sigma-Aldrich, St. Louis, MO, USA) was used as
a standard, and the results were expressed as catechin equivalents (CE) per gram of
dried CBS.

2.3.6. Total Saponins

The total saponin content (TSC) of the extracts was determined using the vainillin–
sulfuric acid method. Assays were conducted by mixing 0.25 mL of the sample with 0.25 mL
of 8% vanillin solution and 2.5 mL of 72% H2SO4, and the mixture was homogenized and
incubated at 70 ◦C for 15 min. Afterwards, the samples were cooled on ice and the
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absorbance was measured at 560 nm using a spectrophotometer (Thermo Scientific™UV-
Vis GENESYS™ 150, Madison, WI, USA). Escin (Sigma-Aldrich, St. Louis, MO, USA) was
employed as a standard, and the results were expressed as escin equivalents (EE) per gram
of dried CBS.

2.3.7. Catechin, Epicatechin and Methylxanthines

The amounts of specific flavonols (catechin and epicatechin) and methylxanthines
(theobromine and caffeine) were analyzed by HPLC using a 1200 Series model (Agilent
Technologies, Santa Clara, CA, USA) with a ZORBAX Extend-C18-5 µm column (Agilent
Technologies, Santa Clara, CA, USA). The mobile phase consisted of 0.1% (v/v) phosphoric
acid/acetonitrile, with a flow rate of 1 mL/min and a column temperature of 40 ◦C. The
gradient elution was as follows: 0 min 10% acetonitrile; 7.5 min 15% acetonitrile; and 15 min
27% acetonitrile.

2.4. Statistical Analysis

All analyses were performed, at least, in triplicate. GraphPad Prism software (version
9.0; GraphPad Software Inc., San Diego, CA, USA) was used for the statistical analysis.
Results were expressed as the mean ± standard deviation (SD). The analysis of variance
(ANOVA) and Tukey’s multiple comparison test were used for the statistical analysis with
a 95% confident interval (p < 0.05).

3. Results and Discussion

The statistical analyses of the results are presented in Tables S1–S6 of the Supplemen-
tary Materials.

3.1. Antioxidant Capacity and TPC

CBS is recognized as one of the plant-based residues with the highest antioxidant
activity. It has been demonstrated that, due to their antioxidant properties, phenolic
compounds from cocoa by-products, particularly flavanols, can act against oxidative stress
related to harmful pathogenesis in humans, such as cancer and degenerative diseases.
Alkaline and acid hydrolysis are two of the most common methods employed to extract
phenolic compounds and antioxidants from different vegetable wastes [15]. For this reason,
the antioxidant capacity and TPC of the samples obtained from different hydrothermal
hydrolysis processes were evaluated at different pH levels. Figure 1 illustrates the evolution
of the antioxidant capacity (a) and total phenolic content (b) over the duration of the
treatment at the different pH values tested.

As shown in Figure 1a, the thermal treatment significantly increased (p < 0.05) the
antioxidant capacity of the extracts in all the experiments. The maximum antioxidant
capacity (187.3 µmol TE/g CBS (dw)) was achieved in samples treated at 135 ◦C for 10 min
under slightly acidic conditions (pH 4), whereas the lowest antioxidant activities were
obtained when the initial pH of the medium was adjusted to 2. Notably, except for pH 4, no
significant differences (p > 0.05) were observed in the antioxidant capacity of the samples
from 7 min onward. Overall, hydrothermal treatment resulted in a substantial increase
(80–200%) in the extraction of antioxidant activity compared to the untreated samples.

These results are consistent with the findings reported by Grillo et al. (2019) [16]
for cocoa wastes using ethanol/water mixtures as solvents. These authors evaluated the
effectiveness of ultrasound-assisted extraction on the recovery of bioactive compounds
from CBS at 40 ◦C using a hydroalcoholic solution (70:30 ethanol/water) and obtained
a maximum antioxidant activity of 204 µmol TE/g CBS, a value of the same order of
magnitude as those obtained here at pH 4. Additionally, Martínez et al. (2012) [17]
studied the antioxidant properties of hydroalcoholic extracts from CBS, employing a
methanol/water mixture (50:50 v/v) at room temperature for 60 min and pH 2. In this
case, the maximum antioxidant capacity achieved was 43 µmol TE/g CBS, similar to that
obtained in this work with the untreated samples using only water. It has been reported
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that acid and alkali hydrolysis can liberate bioactive compounds from the food matrix into
the liquid fraction. This is associated with the type and the proportion of covalent bonds
present in the food matrix. Bioactive compounds are often present as insoluble-bound
complexes coupled with cell wall polymers of the food matrix, which are not extractable by
organic solvents and can only be liberated using acid or basic hydrolysis [18].
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Consistent with the results obtained for the antioxidant activity, the maximum TPC
(14.5 mg GAE/g CBS dry weight (dw)) was detected in samples treated at 135 ◦C with the
pH of the medium adjusted to 4 and 8. As the antioxidant capacity showed a maximum
value at pH 4 after 10 min of treatment, and the TPC values were similar after 7 and 10 min,
it can be inferred that this maximum value was due to the extraction of non-phenolic
antioxidant compounds, such as ascorbic acid, vitamins, carotenoids, unsaturated fatty
acids, and dietary fibers commonly present in food residues [19,20]. Hydrolysis with
pH ≤ 3 resulted in the lowest TPC, and in all cases, there were significant differences
(p < 0.05) between the samples before and after the thermal treatment. These findings
align with those obtained by Hernandez-Hernandez et al. (2018) [21], where different
methodologies were evaluated for obtaining TPC from CBS. The maximum TPC obtained
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by these authors was 14.6 mg GAE/g CBS when using methanol (80% v/v) as a solvent for
one hour at 70 ◦C. An almost identical value was obtained here after only 7 min using water
as a solvent. Additionally, they observed lower TPC values at pH 3 (around 9.4 mg GAE/g
CBS). Furthermore, Mellinas et al. (2020) [4] studied the effect of pH on the extraction of
different bioactive compounds from CBS employing microwave-assisted extraction using
water as a solvent (4% w/v). Their results showed that at pH 2, the TPC obtained was lower
than that obtained at pH 7.

It is noteworthy that during the initial minutes of the treatment, the best results were
obtained at the most basic pH. Under alkaline conditions, the cell wall was degraded,
and the hydroxyl groups present in phenolic compounds were deprotonated, increasing
their affinity for the liquid phase, which usually leads to higher extraction yields [10].
However, after this initial period, the TPC decreased at pH 10. Some studies have reported
that prolonged extraction times can lead to a reduction in the phenolic content due to
polyphenol oxidation [22]. Additionally, it has been reported that acid hydrolysis carried
out at elevated temperatures can involve a loss of phenolic content due to their instability
at low pH, leading to degradation during the extraction. This may explain the low values
obtained at pH 2 and 3.

3.2. Flavonoids, Flavanols and Tannins

Flavonoids are one of the main groups of phenolic compounds that have been exten-
sively investigated due to their anti-oxidative, anti-inflammatory, and cardio-protective
functionalities.

Figure 2a illustrates the TFC obtained in the resulting samples from hydrolysis at
different times and pH levels. The TFC varied considerably among the treated samples,
with values that ranged from around 4 mg CE/g CBS (dw) for samples treated at basic or
very acid pH values (2, 3, 8 and 10) during 5 min to 10.1 mg CE/g CBS (dw) for extracts
obtained at pH 5 after 13 min of treatment. As shown in Figure 2a, the use of severe
acidic (pH 2 and 3) or basic (pH 10) conditions resulted in a lower extraction of these
compounds compared to slightly acid or alkaline pH values (4, 5 and 8). Hydrothermal
treatment significantly enhanced (p < 0.05) the extraction of flavonoids for all conditions
tested, achieving a higher amount of flavonoids for all conditions tested, except at pH 10,
where no significant differences were observed (p > 0.05) between untreated and treated
samples. Additionally, it is noteworthy that flavonoids were important contributors to the
TPC, as made evident from the comparison between Figures 1b and 2a.

These results are consistent with findings reported in the literature for different plant-
based matrices. For instance, Rebollo-Hernanz et al. (2021) [23] reported an amount of
TFC of 6.2 mg CE/g CBS when CBS was subjected to heat-assisted extraction (65 ◦C, 5 min
and 3.5% (w/v)) at pH 2, the same values as those obtained here at pH 2 after 13 min of
treatment. Additionally, Devi et al. (2021) [24] studied the effect of different pH levels
(4, 7 and 9) on the aqueous extraction of different phenolic compounds from Asparagus
racemosus. Their results showed that the flavonoid content was higher at slightly acid or
slightly alkali pH (1.7 mg CE/g and 2.8 mg CE/g at pH 4 and 9, respectively) compared to
those at a neutral pH. This behavior is similar to what was observed here, although the
TFC achieved in the present study was much higher after the thermal treatment.

Tannins are polyphenols composed of flavan-3-ol units widely present in plants and
known for their interesting anti-inflammatory properties. Figure 2b illustrates the evolution
of the total tannin content over time at different pH values. As can be observed, significantly
different TTCs were obtained (p < 0.05) after treatment for all of the tested pH values. As
was observed in the case of the TFC, the maximum amount of tannins was achieved in
samples with an initial pH adjusted to 5 (6.5 mg CE/g CBS dw) after 13 min, while, once
again, the use of very alkali conditions (pH 10) resulted in extracts with the lowest TTC
(3.5 mg CE/g CBS dw) after 13 min of treatment. Generally, tannin extraction increased
with treatment time, with significant differences observed in all cases (p < 0.05). However,
prolonged exposure to high temperatures may lead to the degradation of some tannin
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dimers [25], as observed at pH 2. In samples with this initial pH, the TTC was highest after
3 min of treatment, whereas this value decreased with time, and after 10 min of treatment, it
was lower than the TTCs obtained at pH 4–5. It has been reported that prolonged extraction
times along with excessive acidification can deteriorate the TTC structure and impair its
extraction, since their profile could be distorted due to the hydrolysis of other compounds
such as glycosides [26]. TTC accounted for more than 60% of the TFC. These results are
similar to those reported in the literature using other methodologies. For example, Rojo-
Poveda et al. (2021) [27] reported TTCs ranging from 1.2 to 10 mg CE/g CBS employing
ethanol (50:50 v/v) as a solvent (5% w/v) for 2 h at room temperature. Delgado-Ospina
et al. (2021) [28] evaluated the potential of CBS as a source of bioactive compounds, and
a maximum TTC of 1.3 mg CE/g was achieved when CBS was extracted with 80% (v/v)
methanol for 30 min at a 10% solid/liquid ratio, similar to the values obtained here for the
untreated samples.
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Flavanols, particularly catechin and epicatechin, have been identified as a major class
of flavonoids present in CBS, known for their potential beneficial and protective effects on
human health [29]. For this reason, catechin and epicatechin were specifically identified
and quantified in the CBS extracts. Figure 3 shows the amount of catechin (Figure 3a)
and epicatechin (Figure 3b) extracted from the hydrolysates. In all the analyzed treated
samples, the content of epicatechin was slightly higher (p < 0.05) than that of catechin. The
maximum amounts of both catechin and epicatechin were achieved in extracts with an
initial pH adjusted to 4 (0.2 and 0.3 mg/g CBS (dw), respectively). This finding aligns
with the results obtained for the antioxidant activity, since it has been reported that these
flavanols are responsible for the antioxidant activity of polyphenols present in CBS [30].

Thermal treatment significantly enhanced the extraction of catechin and epicatechin
in all cases, leading to an increase of 70–85% compared to the untreated samples (p < 0.05).
It is noteworthy that for catechin (Figure 3a), no significant differences were observed
(p > 0.05) between 5 and 10 min of treatment in samples with initial pH values of 2, 5, 8 and
10. In contrast, under the optimal pH conditions (pH 4), it was observed that, generally,
longer treatment times resulted in higher amounts of catechin. Regarding epicatechin
(Figure 3b), it was observed that treatment times exceeding 10 min led to the degradation
of this flavanol for most of the pH conditions tested. The extraction of these flavanols from
CBS is influenced by two different processes: the solubilization of catechin and epicatechin
and their degradation into other different products. This mechanism can be observed in
Figure 3b at pH 4, where there was a clear maximum at 10 min of treatment. There are some
studies in the literature that demonstrate that catechin degradation depends on the pH of
the system. Vuong et al. (2013) [31] reported that individual catechins usually maintain
their stability at a pH of 4 or slightly lower, with extraction efficiency decreasing at higher
pH levels, probably due to their degradation, which is known to occur at a pH of 5 and
above [32]. Additionally, Kurimilla et al. (2022) [33] reported that, although catechins are
usually stable at acidic pH levels up to 4, extremely low pH conditions can enhance their
degradation when employing high extraction temperatures. This aligns with the result
obtained here, where higher amounts of catechin for treatment times exceeding 5 min were
notably obtained for pH 4.
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Comparing the results obtained with similar studies, Kovač et al. (2021) [34] obtained
0.28 mg of catechin and 0.27 mg of epicatechin per g of CBS using high-voltage electrical
discharge (HVED) for 30 min with a solid/liquid ratio of 1:30, similar to the values obtained
in this work. However, Barišić et al. (2021) [35], who evaluated the use of HVED on the
extraction of CBS phenolic components in water (3% w/v), obtained extracts with maximum
amounts of catechin and epicatechin of 0.07 and 0.08 mg/g, respectively, after 15 min of
treatment, significantly lower values than those obtained in the present work when the pH
was adjusted to 4.

3.3. Saponins

Saponins are secondary metabolites present in plant-based matrices that exhibit antiox-
idant properties. In particular, cocoa saponins have shown hepatoprotective effects in acute
liver injuries due to their antioxidant properties [36]. Moreover, saponins are increasingly
utilized as environmentally friendly substitutes for synthetic surfactants in many industries
such as cosmetics, chemicals, pharmaceuticals and food. Hence, the amount of saponins
extracted in the hydrolysates are quantified. As illustrated in Figure 4, the highest amount
of saponins (52.6 mg EE/g CBS (dw)) was achieved in samples at pH 4. As had occurred
with the phenolic compounds, severe acidic or basic conditions (pH ≤ 3 and pH ≥ 10)
resulted in decreased saponin content compared to the extracts with a slightly acid or
slightly alkali pH (4, 5 and 8). Notably, across all pH levels tested, no significant differences
(p > 0.05) were observed for samples treated between 10 and 13 min. Additionally, for pH
5 and 8, very small significant differences between the samples treated for 10 min were
observed, whereas for shorter times, the TSC was higher for pH 8.

The extraction of saponins from cocoa residues has scarcely been investigated. Nguyen
et al. (2021) [37] studied the influence of different dehydration techniques, followed by
water extraction (1% w/v) for one hour at 50 ºC, on the extraction of bioactive compounds
from cocoa pod husk. These authors obtained a maximum saponin content of 31.5 mg EE/g,
which was 40% lower than the TSC achieved in the present study at pH 4. However, the
same authors optimized their extraction method and achieved an amount of saponins
between 29.8 and 64.7 mg EE/g CPH using microwave-assisted extraction. On the contrary,
Kayaputri et al. (2020) [38], who employed ethanol, did not detect saponins in the cocoa
shell and husk extracts. Interestingly, the former authors affirmed that saponin, being a
non-polar compound, cannot be dissolved in polar solvents. However, as demonstrated
in Figure 4 and reported by Nguyen et al. (2021) [37], saponins can indeed be extracted
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employing just water, a polar solvent. Additionally, Abulude et al. (2022) [39] obtained
saponins from the stem (bark) and leaves of cocoa trees (Theobroma cacao L.) using water in
even higher amounts than when ethanol or chloroform were used as solvents. Saponins
are high-molecular-weight glycosides that contain triterpene or spirostan aglycone and one
or more sugar chains. These compounds exhibit an amphiphilic characteristic structure
due to the different degrees of lipophilicity of aglycones and the strong hydrophilicity of
the sugar chains.
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With plant matrices, hot and cold extraction procedures which use different solvents
such as water, methanol, ethanol and chloroform, sometimes combined with acid hydroly-
sis, have been used for the extraction of saponins. For example, Ajiboso et al. (2022) [40]
found that petroleum ether was the most suitable solvent for maximum saponin extraction
from cocoa trees. Saponins display high structural variability and exhibit a wide range
of physical, chemical and biological properties based on the type of aglycone and type
of monosaccharides. Therefore, the effectiveness of the extraction method depends on
the specific matrix. However, it is important to note that the use of organic solvents can
pose environmental problems in terms of waste management and even exhibit toxicity
in the final extract. The results obtained in this work (Figure 4) prove that the effective
extraction of saponins from the CBS can be achieved using water, simply by controlling the
temperature and pH.

3.4. Methylxanthines

Methylxanthines are another secondary metabolite present in cocoa in significant
amounts, particularly theobromine and caffeine, which are associated with various ben-
eficial effects on the cardiovascular, respiratory, and gastrointestinal systems. Figure 5
shows the amounts of theobromine and caffeine obtained in the samples before and after
treatment at 135 ◦C and 2 bar, at different pH levels and durations. Regarding theobromine
(Figure 5a), the highest amount of this compound (9.4 mg/g CBS (dw)) was achieved in
samples treated at pH 4 during 13 min. Regarding the acid treatments (pH 2, 3 and 4),
as the pH of the samples increased, the extraction of theobromine also increased for the
final time. In alkaline treatments (pH 8 and 10), as the pH of the samples increased, the
amount of theobromine also increased, with values lower than those obtained in the pH
range between 3 and 4. It has been reported that alkali hydrolysis can result in a reduction
in the methylxanthine content, compared to acid or neutral treatments [41]. Regarding
the caffeine content (Figure 5b), similar to theobromine, the maximum amount (3.5 mg/g
CBS (dw)) was obtained in samples at pH 4. It can be observed that, as the treatment time
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increased, more caffeine was extracted, except for samples at pH 2 and 4. In the first case,
after 7 min of treatment, the amount of caffeine decreased, and at pH 4, it remained almost
constant. These results highlight that an initial slightly acidic pH improves the extraction
of both methylxanthines.
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4 (□), 5 (▲), 8 (x) and 10 (#).

In addition to pH, temperature has been reported to influence the decomposition of
methylxanthines. For example, Barreto et al. (2024) [42] analyzed the thermal breakdown of
different methylxanthines and found that temperatures above 140 ◦C led to the decomposi-
tion of some methylxanthines such as caffeine and aminophylline. The authors concluded
that heating rates clearly influence the thermal degradation of these compounds. The
temperature employed in this study was close to 140 ◦C, and the decrease in the amount
extracted for longer treatment times at pH ≤ 3 and pH ≥ 8, observed in Figure 5a, proved
that theobromine extraction occurs in parallel to its decomposition.

The yields obtained for methylxanthine extraction from CBS are consistent with
those described in the literature. For instance, Botella-Martinez et al. (2021) [9] ob-
tained theobromine in amounts between 7.1 and 12.7 mg/g CBS when using an acidified
methanol/water mixture (80:20 v/v) as a solvent (10% w/v), which aligns with the values
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detected here under acid conditions (5.6 to 9.4 mg/g CBS (dw)). In addition, Okiyama
et al. (2018) [25], employing pressurized liquid extraction (PLE) during 5 to 50 min and
a solid/liquid ratio of 1:3 (w/v) with absolute ethanol, obtained a maximum amount of
theobromine of 9.9 mg/g CBS, closely matching the highest value obtained here (9.4 mg/g
CBS (dw)). Additionally, these authors reported a maximum caffeine amount of 0.8 mg/g
CBS (dw), almost 5 times lower than the maximum amount obtained here.

4. Conclusions

A screening of the effect of time and pH on the extraction of bioactive compounds from
CBS using hydrothermal hydrolysis has been conducted. Most of the treatments employed
increased the extraction of bioactive compounds compared to untreated samples. Overall,
antioxidant activities, TPC, TFC, TTC, TSC and concentrations of individual flavanols
(catechin and epicatechin) and methylxanthines (theobromine and caffeine) in the CBS
extracts were higher when the pH of the samples was slightly acid (pH 4) before the thermal
treatment, with optimal results observed at treatment times around 10 min. Conversely,
the lowest antioxidant activity and TPC values were achieved at initial pH levels below or
equal to 3. Generally, the amounts of bioactive compounds found in this work, particularly
methylxanthines, TPC and TTC, exceeded those reported in the literature for extracts from
other vegetable wastes.

These results highlight the potential of CBS as a source of bioactive compounds, which,
in addition, can be easily extracted by a hydrothermal treatment in suitable optimal condi-
tions. The use of this by-product may help to reduce the accumulation of agri-food wastes,
as well as promote the advancement of circular economy principles. The CBS extracts
obtained from hydrothermal hydrolysis exhibit a high content of bioactive compounds,
making them ideal to be employed in nutraceutical applications and food formulations due
to their antioxidant properties. Regarding future research, the investigation of the processes
that enable the concentration and/or separation of these compounds of interest could be
an interesting aspect to take into account in order to consider the possible optimization and
scaling of the process.
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compounds analyzed in broths at pH 8; Table S6: Values of different bioactive compounds analyzed
in broths at pH 10.
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