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A B S T R A C T   

Cocoa pod husk (CPH) and cocoa bean shell (CBS) are by-products obtained during pre-processing and pro
cessing of cocoa beans. Several bioactive compounds have been identified in these by-products that can be used 
for commercial applications as a way to promote the circular economy. Therefore, the objective of this paper was 
to recover bioactive compounds from CPH and CBS by sonoextraction process, to determine the type, content, 
and antioxidant activity in optimized extracts. To achieve our purpose, an optimization strategy using Box- 
Behnken Design coupled response surface methodology (MRS) was applied. The extraction conditions were 
optimized. The results obtained for CBS were: TPC (193 mg GAE/g), TEAC (1.02 mmol TE/g), FRAP (1.02 mmol 
FeSO4/g) and ORAC (2.6 mmol TE/g), while for CPH, the reported values were: TPC (48 mg GAE/g), TEAC 
(0.30 mmol TE/g), FRAP (0.35 mmol FeSO4/g) and ORAC (0.43 mmol TE/g) under the optimized conditions: 
Time (XA): 15 min, Amplitude (XB): 80 %, Ethanol (XC): 50 %. The LC-ESI-qTOF-MS analysis results allowed the 
identification of 79 compounds, of which 39 represent the CBS extract, while 40 compounds were identified in 
CPH extract. To conclude, sonotrode based extraction could be considered as an efficient and fast alternative for 
the recovery of bioactive substances from CBS and CPH.   

1. Introduction 

Cocoa (Theobroma cacao) is an exotic fruit from the tropical regions 
of the American continent. This fruit is grown in several regions of the 
world, with the African continent being the largest production of cocoa 
beans [1]. Cocoa beans constitute a food matrix widely used for the 
chocolate production process. About 80 % of the cocoa fruit is repre
sented by the pod, while the difference is made from pulp, seeds, veins, 
and other constituents. Cocoa bean shell (CBS) and cocoa pod husk 
(CPH) present several phytochemicals of interest (organic acids, fatty 
acids, procyanidins, flavonols, flavanols, phenolic acids, amino acids, 
and alkaloids) [2,3], which provide excellent health benefits, for 
example, cocoa flavanols have been shown to be associated with a lower 
incidence of stroke, lower risk for heart attack, reduction in the risk of 
type 2 diabetes, lipid oxidation, insulin resistance and systemic 
Inflammation [4,5]. The CBS of Forastero and Trinitario genotypes 

originating from Peru contain between 26 and 43 mg/g of phenolic 
compounds. Among the bioactive compounds with the greatest presence 
are theobromine (764 to 9028 mg/kg), caffeine (150 to 3370 mg/kg), 
epicatechin (4 to 748 mg/kg), catechin (12 to 180 mg/kg), and other 
minor compounds such as procyanidin type A and type B [6]. In the CPH 
of CCN51 genotype, around 111 mg/g of phenolic compounds have been 
found, and the antioxidant activity using the ABTS radical was 155 µmol 
of Trolox equivalent per grams of sample [3].Recently, in an in silico 
study, it has been reported that epicatechin and catechin from CPH are 
highly associated with the inhibitory activity of histone deacetylase 6 in 
HT-29 colorectal cancer cells [7], and epicatechin has also been shown 
to promote the inhibition of fibroblast growth factor receptor 3 (FGFR3) 
gene signalling pathways by inducing changes in elongation primary 
cilium of chondrocytes and promote femur lengthening [8]. 

Based on several investigations with satisfactory results, the recovery 
of bioactive compounds is promoted for novel applications in food 
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systems that allow improving chemical and sensory characteristics and 
provide better functional and healthy benefits [9]. For this reason, 
several green extraction systems have been proposed for the recovery of 
bioactive compounds from food industry processing by-products as a 
measure in the “zero waste economy”. Among the advanced technolo
gies through a sustainable approach are pressurized liquid extraction, 
ultrasound-assisted extraction, microwave-assisted extraction, super
critical fluid extraction with cosolvent, high hydrostatic pressure- 
assisted extraction [10] and systems extraction using natural deep 
eutectic solvents [11]. Several green extraction technology proposals for 
the recovery of phenolic compounds, carotenoids, alkaloids, pectins in 
CBS and CPH have been developed. In addition, microwave-assisted 
extraction and supercritical CO2 extraction have greater use in this 
type of by-products [12]. Of all the systems mentioned, ultrasound- 
assisted extraction offers certain advantages by consuming less time, 
energy and solvents compared to other techniques. In several by- 
products such as orange and mango peel, the sonoextraction process 
has been used to recover phenolic compounds. In these studies, the ef
fect of independent variables such as ethanol/water ratio (%, v/v), 
extraction time (min), amplitude (%) or power (W), and pulse (%) and 
their influence on response variables such as total polyphenol content 
and antioxidant activity have been considered [13,14]. In this context, it 
has been established that there are several factors that affect sonoex
traction such as sonication time, power, nature of sample, which in
cludes particle size, solid/liquid ratio, and type of solvent [15]. 

Response surface methodology (RSM) has been used as an efficient 
statistical tool to optimize extraction processes of bioactive compounds 
from food industry processing by-products. The RSM approach is based 
on the determination of optimal conditions from a set of experiments 
that are affected by the conditions of the independent variables and 
impact the characteristics or contents of the response variables. For 
example, the extraction conditions of phenolic compounds from CBS 
using RSM and artificial neural networks with different factors such as 
temperature, extraction time, % acidity and solid/liquid ratio and how 
these factors influence the polyphenol content, flavonoids, flavanols, 
and antioxidant activity [16]. 

Therefore, the present study aimed to apply RSM to optimize the 
extraction conditions (extraction time, amplitude, and solvent concen
tration) in CBS and CPH through sonoextraction process. The optimal 
extract was analyzed according to the content of total polyphenols, 
antioxidant activity by in vitro Trolox equivalent antioxidant capacity 
(TEAC), Ferric Reducing Antioxidant Power (FRAP) and Oxygen Radical 
Antioxidant Capacity (ORAC) assays. The metabolite profile of the 
optimal extract was investigated by LC-ESI-qTOF-MS. 

2. Materials and methods 

2.1. Sample material and treatment 

Cocoa by-products were obtained from the Cooperativa Agro
industrial Cacao Alto Huallaga (Castillo Grande District, province of 
Leoncio Prado, Peru). Samples were previously dehydrated using a 
vacuum oven (VO 400, Memmert, Schwabach, Germany), for CBS at a 
temperature of 50 ◦C for 3 h and 100 mbar, while CPH was at 60 ◦C for 8 
h and 50 mbar [17]. The dehydrated byproducts were pulverized (GM 
200, Retsch, Haan, Germany), vacuum packed, and stored at − 20 ◦C 
before analyses. 

2.2. Experimental design and sonoextraction process 

In order to optimize the extraction of CBS and CPH, a Box-Behnken 
design with response surface methodology was used. For optimization, 
three factors and three levels (− 1, 0, 1) were considered. The extraction 
time was 1, 8, and 15 min, while the pulse amplitude was 10, 45, and 80 
%, with pulse intermittency of 5 s on and 5 s off (Sonopuls, Bandelin, 
Berlin, Germany). The extraction solvent was a mixture of ethanol/ 

water that varied between 0 to 100 %, the selection was based on pre
vious work [18]. A total of fifteen experiments that were composed of 
twelve midpoints of the edges and three replicates at the central point 
were executed to optimize the sonoextraction conditions. The experi
ment was previously randomized. 

Approximately 500 mg of sample was mixed with 50 mL of solvent (0 
to 100 %) and sonicated with an amplitude adjustment range of 10 to 80 
% (ultrasonic frequency: 20 kHz ± 500 Hz). A VS 70 T probe (Ø 13 mm) 
connected to a standard SH 70 G horn (Bandelin, Berlin, Germany) was 
used for the HD 2070.2 ultrasound homogenizer. The ratio between 
sample and solvent was maintained at 10 g/L. To avoid a high increase 
in temperature, an ice bath was used, which was placed around the 
beaker containing the sample, solvent and sonotrode. After the appli
cation of ultrasound, the extractions were filtered using filter paper 
(Filtros Anoia S.A., Barcelona, Spain) and collected in 50 mL plastic 
centrifuge tubes. The extracts were centrifuged at 4000 rpm for 10 min 
and then filtered with RC membrane 0.45 μm pore size, 13 mm circle 
(PhenexTM). The extracts were stored at − 20 ◦C until use. 

2.3. Analysis of total polyphenol content (TPC) 

The determination of TPC was carried out according to the procedure 
described by Rojas-García et al. [19]. A previously diluted aliquot of 
extract was reacted with 50 μL of the Folin-Ciocalteu reagent (2.0 N), 
after 10 min, 150 μL of sodium carbonate (20 %) was added. Subse
quently, the reaction was left for 2 h in the dark. Absorbance readings 
were recorded at 760 nm using a multi-mode microplate reader with 
monochromator-based optics (Synergy H1, BioTek, Winooski, VT, USA). 
TPC results were expressed in mg gallic acid equivalent per g sample (mg 
GAE/g). 

2.4. Trolox equivalent antioxidant capacity (TEAC) 

The TEAC assay was measured by the decolorization of the ABTS•+

cation based on the methodology described by Re et al. [20]. Previously, 
the ABTS•+ radical was formed by the reaction of potassium persulfate/ 
2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) that reached an 
absorbance of 0.7 ± 0.02 (an aliquot of 500 μL of ABTS•+ and 40 mL 
H2O). The reaction between the radical and the extract was developed 
by adding 300 μL of ABTS•+ and 30 μL of the previously diluted extract. 
Absorbance readings were recorded at 734 nm. TEAC values were 
expressed in mmol of Trolox equivalent per g of sample (mmol TE/g). 

2.5. Ferric reducing antioxidant power assay (FRAP) 

FRAP method was determined according to the methodology modi
fied by Rojas-García et al. [21]. A 250 μL aliquot of the Fe (III)-2,4,6- 
tripyridyl-s-triazine (TPTZ) complex (prepared from 5 mL of 10 mM 
TPTZ in acidic medium (pH 3.6) with 5 mL of 20 mM ferric chloride) was 
reacted with 40 μL of the previously diluted extract. Absorbance read
ings were measured at 593 nm. FRAP results were expressed in mmol 
FeSO4 equivalent per g of sample (mmol FeSO4/g). 

2.6. Oxygen radical absorbance capacity (ORAC) 

ORAC assay was determined following the method proposed by 
Huang et al. [22] with some modifications. The reaction was performed 
in a 96-well microplate reader at a final volume of 210 μL. The reaction 
mixture contained 150 μL of fluorescein (40 nM) and 30 μL of extract or 
standard (0.5 to 15 μM Trolox in PBS at pH 7.4). Before the addition of 
2,2′azobis (2methylpropionamidine) dyhydrochloride-AAPH (30 μL of 
19 mM AAPH in PBS at pH 7.4), the mixture was tempered at 37 ◦C for 
15 min in the microplate reader. 

F. Ramos-Escudero et al.                                                                                                                                                                                                                      



Ultrasonics Sonochemistry 106 (2024) 106887

3

2.7. LC-ESI-qTOF-MS analysis 

Cocoa shell and pod optimal extracts (5 mg/mL) were analysed by 
high performance liquid chromatography (HPLC) using an Agilent 1290 
HPLC platform (Agilent Technologies, Palo Alto, CA, USA) coupled to 
mass spectrometry with a quadrupole time-of-flight analyser (ESI-qTOF- 
MS, Agilent 6545 qTOF Ultra High Definition, Agilent Technologies, 
Palo Alto, CA, USA). Chromatographic analysis was carried out in 
reversed phase with a C18 ACQUITY UPLC BEH column (1.7 µm, 2.1 
mm, 150 mm, 130 Å, Waters Corporation). The selected mobile phases 
were (A) acidified water with 0.1 % of formic acid (v/v), and (B) 
acetonitrile. The following multistep linear gradient was used in order to 
achieve efficient separation: 0.00 min [A:B 100/0], 5 min [A:B 90/10], 
18 min [A:B 15/85], 24 min [A:B 0/100], 25.5 min [A:B 0/100], 26.5 
min [A:B 95/5] and 32.5 min [A:B 95/5]. A mobile phase flow rate of 
0.4 mL/min and an injection volume of 5 µL was used. 

MS acquisition was performed in electrospray negative ionisation 
(ESI) mode in a mass range between 50–1200 m/z. Other parameters 
were stablished as follows: gas flow rate 10 L/min; gas temperature 
200 ◦C; nebuliser 20 psig, enveloping gas temperature 350 ◦C, envel
oping gas flow rate 12 l/min, VCap 4000 V, nozzle voltage 500 V. 

For the treatment of the data obtained, free software Mzmine and 

Sirius were used. For the characterisation, experimental data (retention 
time, m/z, and molecular formula) were consulted in the literature and 
several databases such as SciFinder, MassBank of North America (MoNa) 
or Human Metabolome Database (HMDB). 

2.8. RSM and statistical analysis 

The response variables considered in the optimization process were: 
TPC (mg GAE/g dw); TEAC (mmol TE/g dry weight) and FRAP (mmol 
FeSO4/g dw). Response surface models were fitted to the second-order 
polynomial equation to respond to the response variables according to 
the following equation (Eq. (1). 

Y = β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiX2

ii +
∑k− 1

i=1

∑k

j=i+1
βijXiXj (1)  

Where: Y was the response variable; βi, βii, βij were the regression co
efficients; β0 was the intercept coefficient. 

Data analysis, analysis of variance (ANOVA), models, coefficient 
estimates were done using STATISTICA version 14.0.1.25 (TIBCO Soft
ware Inc.). 

Table 1 
Box-Behnken design (BBD) with responses of the dependent variables obtained by sonoextraction from cocoa bean shell (CBS) and cocoa pod husk (CPH).  

Runs Experimental domains Experimental responses 

XA XB XC CBS CPH 

TPC TEAC FRAP TPC TEAC FRAP 

1 8 10 0 146.16 h 0.09f 0.16e 30.81i 0.02 h 0.04ef 

2 8 45 50 213.19c 0.15bc 0.23bc 172.84c 0.14b 0.25a 

3 15 45 0 209.93d 0.14 cd 0.23c 43.15 h 0.03 g 0.04e 

4 8 45 50 254.80b 0.21a 0.26a 153.92e 0.12c 0.23b 

5 8 80 100 10.15 l 0.04 g 0.02i 4.29j 0.04f 0.01 g 

6 15 45 100 11.17 l 0.08f 0.03i 5.53j 0.04f 0.01 g 

7 1 45 100 8.12 l 0.03 g 0.02i 2.25j 0.02 h 0.004 g 

8 1 80 50 124.10i 0.08f 0.10 g 132.53f 0.10d 0.17d 

9 1 45 0 62.61 k 0.04 g 0.08 h 33.30i 0.09e 0.03f 

10 8 45 50 173.66f 0.11e 0.19d 193.68a 0.14b 0.24a 

11 8 10 100 9.43 l 0.03 g 0.02i 2.68j 0.02 g 0.005 g 

12 1 10 50 109.73j 0.07f 0.11 g 131.92f 0.10d 0.17d 

13 8 80 0 186.88e 0.13d 0.18d 50.61 g 0.03 g 0.04e 

14 15 10 50 155.21 g 0.16b 0.15f 158.04d 0.12c 0.19c 

15 15 80 50 263.69a 0.22a 0.24b 190.42b 0.15a 0.25a 

XA (Time, min), XB (Amplitude, %), XC (Ethanol, %), TPC (mg GAE/g sample), TEAC (mmol TE/g sample), FRAP (mmol FeSO4/g sample). The different letters next to 
the means are significantly different (p < 0.05) according to Duncan’s multiple range test. 

Table 2 
Analysis of variance for the statistical modeling of TPC, TEAC, and FRAP from cocoa bean shell (CBS) and cocoa pod husk (CPH).  

Source TPC TEAC FRAP 

Sum of squares F-value Sum of squares F-value Sum of squares F-value 

CBS CPH CBS CPH CBS CPH CBS CPH CBS CPH CBS CPH 

Model  111025.4  78677.1  13.06**  30.36***  0.0478  0.0323 4.36 ns  8.58**  0.1818  0.1464  16.42***  53.70*** 

XA  14065.4  1179.80  8.54  2.98  0.0165  0.0001 7.42  0.58  0.0132  0.0017  10.61  9.22 
XB  3373.3  370.07  2.04  0.93  0.0014  0.0003 0.63  3.37  0.0014  0.0006  1.18  3.30 
XC  40144.0  2560.09  24.38*  6.47  0.0066  0.0002 2.98  1.47  0.0382  0.0019  30.55*  10.23 
XAXB  2213.6  252.39  1.34  0.63  0.0004  0.0002 0.19  1.37  0.0029  0.0010  2.37  5.77 
XAXC  5203.1  10.77  3.16  0.027  0.0005  0.0018 0.25  16.93  0.0054  0.0000  4.33  0.033 
XBXC  400.0  82.77  0.24  0.20  0.0003  0.0000 0.15  0.086  0.0001  0.0000  0.057  0.013 
XAXA  4033.2  418.64  2.45  1.05  0.0007  0.0000 0.33  0.092  0.0061  0.0019  4.88  10.14 
XBXB  1176.7  340.59  0.71  0.86  0.0007  0.0009 0.31  8.90  0.0042  0.0017  3.41  9.35 
XCXC  43127.8  74214.9  26.20*  187.72**  0.0213  0.0290 9.57  262.17**  0.0340  0.1407  27.16*  744.20** 

Residual  4724.3  1439.58    0.0061  0.0021    0.0034  0.0015   
LoF  1432.4  648.89  0.29 ns  0.54 ns  0.0016  0.0018 0.24 ns  5.63 ns  0.0009  0.0011  0.25 ns  2.01 ns 

PE  3291.9  790.69    0.0044  0.0002    0.0025  0.0003   
Total  115749.8  80116.7    0.0538  0.0344    0.1052  0.1479   
Pred. R2  0.9592  0.9820    0.8870  0.9391    0.9672  0.9897   
Adj. R2  0.8857  0.9496    0.6836  0.8297    0.9083  0.9713   

XA (Time, min), XB (Amplitude, %), XC (Ethanol, %). ns not significant (p > 0.05), * p < 0.05, ** p < 0.01, *** p < 0.001. 

F. Ramos-Escudero et al.                                                                                                                                                                                                                      



Ultrasonics Sonochemistry 106 (2024) 106887

4

3. Results and discussion 

3.1. Optimization of sonoextraction conditions in CBS 

Table 1 summarizes the results of experimental measurements of 
response variables based on the Box-Behnken Design for the 15 experi
ments. The effect of the experimental model has a significant impact (p 
< 0.05) on TPC, TEAC and FRAP assays. When considering cocoa bean 
shell (CBS), TPC varied from 8.12 to 263.69 mg GAE/g. At the same 
time, antioxidant activity measured by TEAC ranged from 0.03 to 0.31 
mmol TE/g of sample, and the ferric reducing antioxidant power (FRAP) 
oscillated between 0.02 to 0.41 mmol FeSO4/g of sample. Experiments 7 
(XA, 1 min; XB, 45 %; XC, 100 %), 11 (XA, 8 min; XB, 10 %; XC, 100 %), 5 
(XA, 8 min; XB, 80 %; XC, 100 %), and 6 (XA, 15 min; XB, 45 %; XC, 100 %) 
showed lower TPC with values between 8.12 and 11.17 mg GAE/g, 
corresponding to extraction systems with 100 % ethanol. These results 
were similar to those reported by Gil-Martínez et al. [23], who reported 
low recoverability of phenolic compounds using 100 % ethanol in 

Vaccinium myrtillus leaves. On the other hand, experiments 4 (XA, 8 min; 
XB, 45 %; XC, 50 %) and 15 (XA, 15 min; XB, 80 %; XC, 50 %) showed 
higher values of 254.80 and 263.69 mg GAE/g, respectively. Regarding 
antioxidant activity through TEAC and FRAP, experiments 15 and 4 
exhibited the highest activity (Table 1). Several reports mention that the 
recovery of phenolic compounds through sonoextraction has been 
considered as independent variables such as extraction time (XA), ul
trasonic amplitude (XB), and sample-solvent ratio (XC) [15,24]. In these 
reports, XB was found to be the most influential variable for total poly
phenol extraction, with the 50 % ethanol proportion showing the 
highest recovery capacity [13]. When considering experiments 1, 3, 9, 
and 15 (0 % ethanol), TPC, TEAC, and FRAP presented average values of 
151.39 mg GAE/g, 0.10 mmol TE/g, and 0.16 mmol FeSO4/g, while 
experiments 5, 6, 7, and 11 (100 % ethanol) were 9.72 mg GAE/g, 0.04 
mmol TE/g, and 0.02 mmol FeSO4/g, respectively. Experiments (2, 4, 8, 
10, 12, 14, and 15) containing 50 % ethanol had an average of 185 mg 
GAE/g, 0.15 mmol TE/g, and 0.18 mmol FeSO4/g. These results are 
consistent with Grassia et al. [25], who reported that the highest yield 

Fig. 1. Pareto charts and normal probability plot of standardized effects of three-factor Box-Behnken design on the extraction of (A) TPC, (B) TEAC, and (C) FRAP 
from cocoa bean shell (CBS). 
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during polyphenol recovery in CBS was with a 50 % v/v ethanolic so
lution (TPC between 0.80 and 1.20 g/100 g of sample), while in 25 % 
and 75 % ethanolic solutions, TPC was around 0.40 g/100 g of the 
sample. 

Furthermore, when response variables (TPC, TEAC, and FRAP) un
derwent analysis of variance for statistical modeling, the ANOVA shown 
in Table 2 indicates that CBS presented significant results for TPC (F- 
value = 13.06**) and FRAP (F-value = 16.42***). In contrast, the TEAC 
variable was insignificant (F-value = 4.36 ns). The factors with values 
below (p < 0.05) were the sample-solvent ratio, both linear and 
quadratic (XC) and (XCXC) for TPC and FRAP (Fig. 1A and C), while 
extraction time (XA), ultrasonic power (XB), and interactions did not 
seem to affect the recovery of phenolic compounds and subsequently 
antioxidant activity. Additionally, normal probability plots indicate that 
response variables (TPC and FRAP) against standardized factor effects 
(XCXC and XC) showed positive and negative effects, respectively. On the 
other hand, antioxidant activity through TEAC was not influenced by 
any of the factors, as observed in the Pareto plots of standardized effects 
(Fig. 1B). 

In all cases, the difference between predicted R2 and adjusted R2 was 
less than or equal to 20 %. The adjusted R2 statistic for FRAP, TPC, and 
TEAC were 90.83 %, 88.53 %, and 68.36 %, respectively. These results 
indicate that response variables can be explained by the experimental 
domains affected by sonoextraction processes. Lack-of-fit was not sig
nificant for TPC (F-value = 0.29 ns), TEAC (F-value = 0.24 ns) and FRAP 
(F-value = 0.25 ns) (Table 2). The regression models to predict TPC (mg 
GAE/g), TEAC (mmol TE/g), and FRAP (mmol FeSO4/g) as a function of 

the impact of factors, XA (time, min), XB (amplitude, %), XC (ethanol, %) 
are summarized in the following equations (Eq. 2, 3, and 4).  

TPC (mg GAE/g) = 10.3366 + 17.6135*XA − 0.674494*XA
2 + 1.41584*XB 

− 0.014573*XB
2 + 3.9878*XC − 0.0432304*XC

2 + 0.0960182*XA*XB −

0.103046*XA*XC − 0.00571424*XB*XC(2)                                                

TEAC (mmol TE/g) = − 0.00633342 + 0.0109074*XA − 0.000288265*XA
2 +

0.00132434*XB − 1.12857e-05*XB
2 + 0.00297993*XC − 3.042e-05*XC

2 +

4.2449e-05*XA*XB − 3.40714e-05*XA*XC − 5.38571e-06*XB*XC(3)           

FRAP (mmol FeSO4/g) = 0.0184737 + 0.0193717*XA − 0.000830867*XA
2 +

0.00211862*XB − 2.77653e-05*XB
2 + 0.00340807*XC − 3.8395e-05*XC

2 +

0.000111327*XA*XB − 0.000105286*XA*XC − 2.42857e-06*XB*XC(4)       

Following the response surface contour plot to predict the desirable 
optimal parameters of factors influencing the sonoextraction process, as 
depicted in Fig. 2A–I, the optimal extraction conditions for obtaining 
higher total polyphenol content (TPC), TEAC, and FRAP in cocoa bean 
shell are observed to be 15 min of extraction time, an ultrasonic 
amplitude of 80 %, using an ethanol proportion of 50 %. Non-significant 
differences were found between predicted and experimental values for 
TEAC (p = 0.299) and FRAP (p = 0.061), while for TPC, the difference 
was significant with a p-value of 0.001. The predicted values were 
280.60 mg GAE/g for TPC, 0.209 mmol TE/g for TEAC, and 0.264 mmol 
FeSO4/g for FRAP. Regarding TPC, TEAC, and FRAP, the experimental 
values for the optimized extract were 267.25 mg GAE/g, 0.199 mmol 
TE/g, and 0.214 mmol FeSO4/g. The TPC obtained through 

Fig. 2. MRS contour plots showing the interaction effect of experimental domains, XA (time, min), XB (amplitude, %), XC (ethanol, %) on the TPC (A-C), TEAC (D-F) 
and FRAP (G-I) during the sonoextraction process from cocoa bean shell (CBS). 
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sonoextraction of the optimized extract was superior compared to the 
extraction system used by Rojo-Poveda et al. [6], who used a solid
–liquid extraction (50 % ethanol) with orbital agitation for 2 h at 25 ◦C. 
The TPC using this extraction system ranged from 3 to 43 mg GAE/g in 
CBS samples from different geographical origins and genotypes. 

3.2. Optimization of sonoextraction conditions in CPH 

Table 1 summarizes the effect of the experimental model on TPC and 
antioxidant activity (TEAC and FRAP). When considering all experi
ments for CPH, TPC ranged from 2.25 to 193.68 mg GAE/g, while 
antioxidant activity through TEAC for all experiments varied between 
0.02 to 0.15 mmol TE/g of the sample and FRAP ranged from 0.004 to 
0.25 mmol FeSO4/g of the sample. Experiments with lower total poly
phenol content were 7, 11, 5, and 6, representing a 100 % ethanol 
extraction system with TPC values between 2.25 and 5.53 mg GAE/g. 
The impact of the recoverability of polyphenols using 100 % ethanol in 
CPH was very similar to CBS; in both cases, lower TPC was observed. 

Experiments with higher recoverability of polyphenols were 12, 8, 4, 14, 
2, 15, and 10. The impact of factors on this group of experiments ranged 
from 131.92 to 193.68 mg GAE/g. Experiments 15 (XA, 15 min; XB, 80 
%; XC, 50 %) and 10 (XA, 8 min; XB, 45 %; XC, 50 %) were the most 
effective. Regarding antioxidant activity through TEAC and FRAP, ex
periments 15 and 10 also exhibited the highest activity (Table 1). 
Similar to CBS, the highest polyphenol content and antioxidant activity 
developed in experiments where the ethanol percentage was 50 %. As in 
the case of CBS, the most influential factor was variable XB. For instance, 
Shepherd [26] mentions that the apple pomace extract (var. Gala) with 
higher recoverability of phloretin, phloridzin, TPC, and better in vitro 
antioxidant activity (DPPH, ABTS, and FRAP) was achieved using 50 % 
ethanol. Similar results were obtained by Boateng et al. [27], who re
ported higher contents of TPC, total anthocyanins, and condensed tan
nins in purple corn pericarp extracts under optimized conditions with 
50 % ethanol. Considering the ethanol proportion, experiments 1, 3, 9, 
and 13 (0 % ethanol) presented average values of 39.47 mg GAE/g, 0.04 
mmol TE/g, and 0.04 mmol FeSO4/g, while experiments 5, 6, 7, and 11 

Fig. 3. Pareto charts and normal probability plot of standardized effects of three-factor Box-Behnken design on the extraction of (A) TPC, (B) TEAC, and (C) FRAP 
from cocoa pod husk (CPH). 
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(100 % ethanol) were 3.69 mg GAE/g, 0.03 mmol TE/g, and 0.01 mmol 
FeSO4/g, respectively. Meanwhile, experiments (2, 4, 8, 10, 12, 14, and 
15) containing 50 % ethanol had an average of 161.91 mg GAE/g, 0.12 
mmol TE/g, and 0.21 mmol FeSO4/g. Considering the CPH extraction 
conditions, TPC was higher compared to those reported by Delgado- 
Ospina et al. [28], which presented values between 5.4 to 16.6 mg 
GAE/g of the sample, while under optimization conditions with 80 % 
methanol, extraction time of 9.35 h, and extraction temperature of 
49 ◦C, a TPC of 115.16 mg GAE/g of sample was achieved [29]. 

Table 2 presents the findings of the regression model applied to 
response variables; the obtained ANOVA indicates that CPH presented 
significant values for TPC (F-value = 30.36***), TEAC (F-value =
8.58**) and FRAP (F-value = 53.70***). The sample-solvent ratio was 
the only parameter that significantly affected (p < 0.05) all responses 
quadratically (XCXC) for TPC, TEAC, and FRAP. Moreover, factors XA, 
XB, and interactions did not show a significant effect on the variables. 
The normal probability plot diagram showed that response variables 
against standardized factor effects (XCXC) exhibited a positive effect 
(Fig. 3A–C). 

In all cases, it is observed that the coefficient values (R2) for TEAC, 
TPC, and FRAP varied between 0.9391 and 0.9897, while adjusted R2 

varied between 0.8297 and 0.9713. These values indicate a high cor
relation between variables of the experimental domain and response 
variables. Lack-of-fit was not significant (p > 0.05) for TPC (F-value =
0.54 ns), TEAC (F-value = 5.63 ns) and FRAP (F-value = 2.01 ns) 
(Table 2). When p-values are not significant [30], it indicates that the 
data fit well to a second-order quadratic polynomial model. The 

regression equations describing each variable are shown in the following 
equations (Eq. 5, 6, and 7).  

TPC (mg GAE/g) = 1.13325 + 3.98724*XA − 0.217308*XA
2 + 0.770546*XB 

− 0.00784032*XB
2 + 5.46766*XC − 0.0567096*XC

2 + 0.0324217*XA*XB −

0.004689*XA*XC − 0.00259931*XB*XC(5)                                                 

TEAC (mmol TE/g) = 0.0468023 − 0.00436454*XA + 3.39286e-05*XA
2 +

0.00114974*XB − 1.33367e-05*XB
2 + 0.00292129*XC − 3.5465e-05*XC

2 +

2.52041e-05*XA*XB + 6.18571e-05*XA*XC + 8.85714e-07*XB*XC(6)         

FRAP (mmol FeSO4/g) = − 0.0116166 + 0.00669311*XA 
− 0.000465051*XA

2 + 0.00134383*XB − 1.78673e-05*XB
2 + 0.00754664*XC 

− 7.8085e-05*XC
2 + 6.7449e-05*XA*XB − 3.57143e-06*XA*XC − 4.57143e- 

07*XB*XC(7)                                                                                        

According to the response surface contour plot (Fig. 4A–I), optimal 
and desirable parameters are observed for predicting the factors XA 
(time, min), XB (amplitude, %), and XC (ethanol, %) that influence the 
sonoextraction process. Based on the Box-Behnken design approach, the 
optimal extraction conditions recorded a drying time (XA), amplitude 
(XB), and an ethanol concentration (XC) of 15 min, 80 %, and 50 % EtOH, 
respectively. Significant differences were found between the predicted 
and experimental values for the variables TPC (p = 0.0188) and FRAP (p 
= 0.0158), while no significant differences were observed for the TEAC 
variable (p = 0.8604). Regarding the predicted values, TPC was 
observed to be 180.11 mg GAE/g, TEAC was 0.138 mmol TE/g, while 
FRAP was 0.245 mmol FeSO4/g. On the other hand, the experimental 

Fig. 4. MRS contour plots showing the interaction effect of experimental domains, XA (time, min), XB (amplitude, %), XC (ethanol, %) on the TPC (A-C), TEAC (D-F) 
and FRAP (G-I) during the sonoextraction process from cocoa pod husk (CPH). 
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values were 193.70 mg GAE/g for TPC, 0.139 mmol TE/g for TEAC, and 
0.174 mmol FeSO4/g for FRAP. The TPC obtained through sonoex
traction of CPH exceeded that reported by Lu et al. [31], who mentioned 
phenolic content ranging from ~ 46 to ~ 69 mg GAE/g. Furthermore, 
Oñate-Gutiérrez et al. [32] reported the TPC of lyophilized extracts from 
the epicarp of cocoa fruits of different colors (yellow, red, and purple 
samples) that used an ultrasound-assisted extraction system with EtOH/ 
H2O solvent (80:20 v/v), with values ranging from 153.9 to 167.9 mg 
GAE/g. 

3.3. Optimal conditions for sonoextraction process variables 

To achieve maximum levels of TPC sonoextraction efficiency and its 
antioxidant activity through TEAC and FRAP, an experimental method 
involving the factors XA (time, min), XB (amplitude, %), and XC (ethanol, 
%) was considered. The optimal conditions determined through the 
response surface methodology with Box-Behnken design show values 
within the experimental domains: XA (15 min), XB (80 %), and XC (50 %) 
for CBS and CPH. The dried extract, weighed and dissolved at a con
centration of 5 mg/mL, was utilized for TPC, TEAC, FRAP, ORAC assays, 
and LC-ESI-qTOF-MS analysis. Results obtained for CBS were: TPC (193 

± 9 mg GAE/g), TEAC (1.02 ± 0.02 mmol TE/g), FRAP (1.02 ± 0.06 
mmol FeSO4/g), and ORAC (2.6 ± 0.2 mmol TE/g). Under these opti
mized conditions, TPC was markedly higher compared to previous 
works where phenolic content ranged from ~ 4.9 to ~ 22.2 mg GAE/g 
for different cocoa genotypes [2]. Regarding CPH, the obtained results 
were: TPC (48 ± 1 mg GAE/g), TEAC (0.30 ± 0.007 mmol TE/g), FRAP 
(0.35 ± 0.009 mmol FeSO4/g), and ORAC (0.43 ± 0.003 mmol TE/g). 
These results were higher compared to other by-products such as chir
imoya peel and seed, which presented total polyphenol values of 28.7 
and 30.4 mg GAE/g of dry extract, respectively [19]. However, these 
results are comparable to avocado seed and peel, which showed values 
of 60 to 190 mg GAE/g of dry extract [21]. 

Characterization of the phytochemical profile of CBS and CPH is 
summarized in Tables 3 and 4. The base peak chromatograms of both 
extracts are visualized in Supplementary Material Fig. S1 and S2. A total 
of 79 compounds were identified in CBS and CPH by ESI-qTOF-MS. Of 
these identified phytochemical compounds, 39 were representative of 
the CBS extract, mainly including organic acids, fatty acids, glycosides, 
flavonoids, procyanidins, aspartic acid derivatives, jasmonates, benzoic 
acid derivatives, amino acids and peptides, coumestan derivatives, and 

Table 3 
Identification of phytochemical compounds in CBS extract by HPLC-ESI-qTOF-MS.  

Peak RT (min) [M− H] – Mol. Formula Proposed Compound Fragments 

1 0.96  181.0735 C6H14O6 Iditol 89/101/163/73/59 
2 1.01  195.0541 C6H12O7 Gluconic acid 129/75/99/59 
3 1.1  133.0157 C4H6O5 Malic acid 89/73/133/71/115 
4 1.17  191.0217 C6H8O7 Citric acid isomer 1 111/87/85/67/57 
5 1.32  191.0213 C6H8O7 Citric acid isomer 2 111/87/85/67/57 
6 1.7  96.9614 − * −

7 2.67  117.0546 C5H10O3 Butyric acid derivative 71/117 
8 3.01  153.0183 C7H6O4 Protocatechuic acid 108/109/91/65/53 
9 3.39  181.0495 C9H10O4 Propanoic acid derivative 163/135/119/73/136/134/164 
10 3.7  175.0587 C7H12O5 Isopropyl malic acid 157/131/85/113/175/115 
11 3.88  308.1352 C14H15NO7 N-Feruloylaspartic acid 308/149/114/115/264/246 
12 4.66  233.0671 C9H14O7 Isopropyl citric acid 101/113/59/87/103 
13 4.85  292.0443 C13H11NO7 Unknown 1 −

14 4.99  294.0533 C13H13NO7 N-Caffeoylaspartic acid 160/135/71/88/134/179 
15 5.04  589.1371 C26H27N2O14 N-Caffeoylaspartic acid dimer 294/179/132/135 
16 5.27  210.0758 C10H13NO4 Methoxytyrosine 124/94/125/66/126/106 
17 5.43  131.0707 C6H12O3 Leucinic Acid 85/69 
18 5.89  289.0693 C15H14O6 (Epi)catechin isomer 1 245/205/179/125/109/123 
19 6.16  241.1191 − Unknown 2 82/141/112/70/130/58/197 
20 6.46  409.1712 C19H22O10 Unknown 3 isomer 1 409/265/307/347/247/365 
21 6.62  427.1811 C17H32O12 Glucopyranoside derivative 59/71/55/73/85/101/113/197 
22 6.81  278.0656 C13H13NO6 N-hydroxycinnamoyl aspartic acid 119/114/163/162/216/234 
23 7  165.0551 C9H10O3 Phenyllactic acid 147/103/119/73 
24 7.16  409.1735 C19H22O10 Unknown 3 isomer 2 409/265/307/347/247/365 
25 7.58  289.0698 C15H14O6 (Epi)catechin isomer 2 245/205/179/125/109/123 
26 7.77  275.1045 C14H16N2O4 Lactoyl-tryptophan 275/127/231/109 
27 7.92  577.1351 C30H26O12 Procyanidin B 289/407/125/245/408/161 
28 8.31  329.0901 C14H18O9 Vanillic acid glycoside 329/59/241/71 
29 8.54  437.1959 C19H34O11 Ebracteatoside D 391/437/59/331/349 
30 8.73  865.1958 C45H38O18 Procyanidin C −

31 9.08  305.0699 C12H18SO7 Hydroxyjasmonic acid sulfate isomer 1 225/59/147 
32 9.27  305.0718 C12H18SO7 Hydroxyjasmonic acid sulfate isomer 2 225/59/147 
33 9.61  307.0834 C12H20SO7 Dihydrojasmonic acid sulfate 227 
34 9.67  737.1635 C36H34O17 Procyanidin A hexoside 449/611/539/289/737/125 
35 9.75  427.1588 C17H32O12 Glycosidic derivative 59/71/55/73/101/179 
36 9.81  463.0838 C21H20O12 Quercetin glucoside 300/301/302/151/179 
37 9.9  707.1526 C35H32O16 Procyanidin A pentoside 449/539/581/289/707/125 
38 10  516.2378 − Unknown 4 184/516/164/127 
39 10.23  433.0727 C20H18O11 Quercetin derivative 300/301/271/255/243 
40 10.46  238.1107 − Unknown 5 94/66/164/238 
41 11.07  421.2063 C19H34O10 Unknown 6 421/277/319/359 
42 12.12  299.0181 C15H8O7 Norwedelolactone 299/271/151 
43 12.46  329.2338 C18H34O5 Trihydroxy octadecenoic acid 329/201/171 
44 12.65  327.0507 C17H12O7 Hedysarimcoumestan F 327/217/109 
45 12.95  357.1217 C16H22O9 Sweroside 357/241/139/59/151 
46 17.83  271.2272 C16H32O3 Hydroxy hexadecanoic acid isomer 1 59 
47 18.48  271.2277 C16H32O3 Hydroxy hexadecanoic acid isomer 2 225/223/226/55/197 

*Peaks considered as residues because of the equipment, mobile phases and blanks used during the study. 
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sugar alcohols (Supplementary Material Fig. S3). Several of these com
pounds were previously identified in CBS [2,33,34]. On the other hand, 
some compounds not identified in previous works were iditol, hydrox
yjasmonic acid sulfate (isomer 1 and 2), dihydrojasmonic acid sulfate, 
norwedelolactone, and hedysarimcoumestan F (Table 3). The negative 
ionization pattern indicated that peak 1 was tentatively identified as 
iditol, with a molecular ion [M − H] − at m/z 181.0735, corresponding 
to the molecular formula C6H14O6, confirmed by characteristic ions (m/z 
163, 101, 89, 73, and 59), also detected in Inonotus hispidus mushroom 
[35], and Daucus carota. In addition, Megías-Pérez et al. [36] noted that 
the cocoa bean fermentation process is five to six days, and an extended 
time could lead to the development of undesirable molds. For instance, 
Saccharomyces cerevisiae can also produce this compound [37]. Peaks 31, 
32, and 33 correspond to three jasmonate derivatives. Compounds 31 
and 32 exhibit a precursor ion of m/z 305.06 and a molecular formula of 
C12H18SO7 [38], while peak 33 has a molecular ion [M − H] − at m/z 
307.0834. The ion produced at m/z 225 [M − H − 80] − is due to the 
loss of sulfur trioxide. The fragment with a molecular mass of m/z 225 +
H corresponds to the reduced form of 12-hydroxyjasmonic acid 
(C12H18O4). The ion produced at m/z 225 → 59 is characteristic of jas
monic acid [39]. Peak 42 (demethylwedelolactone or norwedelo
lactone) produces an ion [M − H] − at m/z 299.0181 (corresponding to 
a molecular formula of C15H8O7) with a retention time of 12.12 min in 
the total ion chromatogram. According to the ion fragmentation pattern 
of m/z 299 → 271, it is characterized by the loss of carbon monoxide 
(–CO) [M − H − 28]− [40]. This compound was characterized in the 
extract of Ecliptae Herba (Eclipta prostrata L.) [41], and Sphagneticola 
calendulacea, plants widely used in traditional Chinese medicine. Peak 
44 showed a parent ion [M − H] − at m/z 327.0507 (corresponding to a 
molecular formula of C17H12O7), tentatively identified as hedysar
imcoumestan F (1,7-dihydroxy-3,9-dimethoxycoumestan) [42]. The 
daughter ions produced were m/z 327, 217, and 109. This compound 
preferred to lose –OCH3 groups (m/z 31), –OH (m/z 17), and –CH3 (m/z 
15). Wang et al. [43] reported that the infrared spectrum showed the 
presence of hydroxyl, lactone carbonyl, and phenyl groups. This type of 
coumestan was isolated from ethanolic extracts of Hedysarum multijugum 
roots. 

Regarding the CPH extract, around 40 compounds were identified, 
mainly including alkaloids, organic acids, sugar acids, hydroxybenzoic 
acids, tricarboxylic acids and derivatives, stilbenoids, amides, glyco
sides, flavonoids, glucosinolates, procyanidins, hydroxycinnamic acids 

Table 4 
Identification of phytochemical compounds in CPH extract by HPLC-ESI-qTOF- 
MS.  

Peak RT 
(min) 

[M− H] – Mol. 
Formula 

Proposed Compound Fragments 

1 0.96  179.0568 C7H8N4O2 Theobromine 59/71/89/ 
179 

2 1.01  195.053 C6H12O7 Gluconic acid 195/75/ 
129/59/99 

3 1.04  193.0373 C6H10O7 Galacturonic acid 75/59/73/ 
131/85/ 
193 

4 1.07  149.0108 C4H6O6 Tartaric acid isomer 1 149/87/ 
73/59/103 

5 1.09  133.0163 C4H6O5 Malic acid 115/71/ 
133 

6 1.14  149.0111 C4H6O6 Tartaric acid isomer 2 149/87/ 
73/59/103 

7 1.21  191.0214 C6H8O7 Citric acid 111/87/ 
85/67/57 

8 1.24  203.0218 C7H8O7 Daucic acid 97/141/ 
71/79 

9 1.59  115.005 C4H4O4 Maleic acid 71/99/73/ 
115/97 

10 1.92  96.9613 − * −

11 2.99  329.0864 C14H18O9 Vanillic acid 
glycoside isomer 1 

167/329/ 
108/152 

12 3.71  175.0608 C7H12O5 2-isoproylmalic acid 115/175/ 
85 

13 4.66  233.0668 C9H14O7 2-isopropyl citrate 101/59/ 
113/87 

14 5.55  295.1386 C19H20O3 Prenyl resveratrol 253/94/ 
145/158/ 
173 

15 5.78  395.1914 C17H32O10 1-hexanol 
arabinosylglucoside 

349/395/ 
59/89/101 

16 6.62  427.1846 C16H30O10 Glycosidic derivative 381/249/ 
101 

17 6.93  427.1803 C16H30O10 Glycosidic derivative 381/249/ 
101 

18 7.57  289.0721 C15H14O6 (Epi)catechin 289/109/ 
245/123/ 
203 

19 7.69  381.1737 C16H30O10 Everlastoside C 
isomer 1 

249/319/ 
119/59 

20 7.92  577.1358 C30H26O12 Procyanidin B 407/289/ 
125/425 

21 8.31  329.0903 C14H18O9 Vanillic acid 
glycoside isomer 2 

329/59/ 
241 

22 8.72  358.0926 C18H17NO7 Clovamide 222/358/ 
178/135 

23 8.73  337.148 C21H22O4 Hidroxy prenyl 
methoxystilbene 
carboxylic acid 

79/117/ 
104/293 

24 8.92  381.1747 C16H30O10 Everlastoside C 
isomer 2 

249/319/ 
119/59 

25 9  381.1781 C16H30O10 Everlastoside C 
isomer 3 

249/319/ 
119/59 

26 9.19  431.0962 C21H20O10 Vitexin isomer 1 431/311/ 
341/283 

27 9.58  431.0971 C21H20O10 Vitexin isomer 2 431/311/ 
341/283 

28 9.65  372.1075 − Glucosinolate 
derivative 

372/178/ 
222/134 

29 9.73  575.118 C30H24O12 Procyanidin A 575/125/ 
151/289 

30 9.84  455.2129 C19H36O12 Apiosyl glucoside 
derivative isomer 1 

409/255 

31 9.89  423.1867 C18H32O11 Grandidentatin 
isomer 1 

117/241/ 
59/357/ 
349 

32 9.91  455.2155 C19H36O12 Apiosyl glucoside 
derivative isomer 2 

409/255 

33 9.96  419.1925 − Unknown 2 isomer 1 −

34 9.99  423.1881 C18H32O11 Grandidentatin 
isomer 2 

117/241/ 
59/357/ 
349  

Table 4 (continued ) 

Peak RT 
(min) 

[M− H] – Mol. 
Formula 

Proposed Compound Fragments 

35 10.08  423.1867 C18H32O11 Grandidentatin 
isomer 3 

117/241/ 
59/357/ 
349 

36 10.15  323.1711 − Unknown 3 −

37 10.26  419.1889 − Unknown 2 isomer 2 −

38 10.34  363.1653 C20H28O6 Gibberellin A 59/101/ 
275/301 

39 10.52  469.2275 C22H30O11 Iridoid derivative 469/80 
40 11  463.0908 C21H20O12 Glycosylated 

flavonoid 
420/377/ 
255/236 

41 11  727.3382 − Unknown 4 −

42 11.07  365.1772 C16H30O9 Glycosidic derivative 277/365 
43 12.65  357.1218 C16H22O9 Sweroside isomer 1 357/241/ 

139/59/ 
151 

44 12.95  357.1202 C16H22O9 Sweroside isomer 2 357/241/ 
139/59/ 
151 

45 13.09  394.2957 − * −

46 13.26  329.2328 C18H34O5 Trihydroxy 
octadecenoic acid 

329/201/ 
171 

*Peaks considered as residues because of the equipment, mobile phases and 
blanks used during the study. 
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and derivatives, hormones, iridoids, fatty acids, and fatty acyl glycosides 
(Supplementary Material Fig. S4). Several of these compounds have 
been previously identified in CPH [2,3,44]. The main classes of anti
oxidant compounds correspond to peaks 11, 14, 18, 20, 21, 23, 26, 27, 
29, 31, 34, 35, and 40. These compounds (peaks 11 and 21) are char
acteristic of vanillic acid glycoside isomers (m/z 329.08) [45], prenyl 
resveratrol (m/z 295.1386) [44], hydroxy prenyl methoxystilbene car
boxylic acid (m/z 337.1480) [46], grandidentatin isomer (m/z 
423.1867) [47]. While peaks 20 and 29 correspond to procyanidin B (m/ 
z 577.1358) [48], and procyanidin A (m/z 575.1180) [2]. In addition to 
their antioxidant effect, it has been postulated that procyanidins can be 
very useful for glucose metabolism, promoting the cellular function of 
pancreatic islets, and reducing the prevalence of complications in dia
betes mellitus [49]. Epicatechin was characterized with [M − H] − at m/ 
z 289.0721; according to Cádiz-Gurrea et al. [48], this compound was 
detected in cocoa beans, CBS, and CPH. Compounds 26 and 27 were 
identified as vitexin isomers. Both isomers share the same fragmentation 
pattern at m/z 431.09 and exhibit the same MS/MS fragment ions at m/z 
311, 341, and 283 with retention times of 9.19 and 9.58 min. These 
flavonoids were also identified in mung beans (Vigna radiata L.) [50], 
buckwheat, flax, linseed, and naked oat [51]. Finally, compound 40 was 
identified as a glycosylated flavonoid with [M − H] − at m/z 463.0908, 
with the presence of fragment ions at m/z 420, 377, 255, and 236. This 
compound corresponds to the molecular formula C21H20O12. Some fla
vonoids sharing the same fragmentation pattern with the rest of the 
sugars include quercetin-3-O-glucoside and myricetin 3-O-rhamnoside 
[52]. 

4. Conclusion 

CBS and CPH contain different classes of bioactive substances. 
Several substances isolated from these byproducts have demonstrated 
potent antioxidant activity and other biological effects both in vitro and 
in a model food system. Conventional methods for the recovery of 
bioactive components from CBS and CPH are not sufficient to meet the 
need of food, cosmetic and pharmaceutical industries. In this regard, we 
developed an optimized method for the extraction of bioactive sub
stances from CBS and CPH using a sonoextraction process. The appli
cation of Box-Behnken Design coupled to MRS, taking into account the 
influence of the factors (experimental domains), time (XA), amplitude 
(XB), and ethanol concentration (XC) on the TPC, TEAC, and FRAP was 
evaluated. Under the conditions optimized in this study: time (XA): 15 
min, amplitude (XB): 80 %, ethanol (XC): 50 %, CBS was superior to CPH, 
with TPC (193 mg GAE/g), TEAC (1.02 mmol TE/g), FRAP (1.02 mmol 
FeSO4/g) and ORAC (2.6 mmol TE/g). The main classes of bioactive 
compounds found in CBS were organic acids, fatty acids, glycosides, 
flavonoids and procyanidins, while in CPH, they were glycosides, 
organic acids, flavonoids, hydroxycinnamic acids and derivatives and 
sugar acids. Overall, CBS and CPH can significantly contribute various 
bioactive constituents as a zero-waste economy alternative for the cocoa 
processing industry. 
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