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A B S T R A C T

Cashew nut production generates large amounts of cashew apple as residue. In Colombia, cashew cultivation is
increasing together with the concerns on residue management. The objective of this study was to provide the first
chemical, physical and thermal decomposition characterization of cashew apple from Colombian varieties har-
vested in Vichada, Colombia. This characterization was focused to identify the important bioactive and natural
compounds that can be further valorized in the formulation of food, nutraceuticals, and pharmacological prod-
ucts. The results obtained in this study are helpful to portray the cashew apple as a potential by-product due to its
renewable nature and valuable composition, instead of seeing it just as an agricultural residue. For that, cashew
apples of Regional 8315 and Mapiria varieties were studied. The natural juice (cashew apple juice) that was
extracted from the cashew apples and the remanent solids (cashew apple bagasse) were separately analyzed. The
HPLC analytical technique was used to determine the concentration of bioactive compounds, structural carbo-
hydrates, and soluble sugars that constitute this biomass. Spectrophotometric techniques were used to determine
the concentration of tannins, carotenoids, and total polyphenols. Mineral content and antioxidant activity (DPPH
and ABTS assays) were determined in the biomass. Also, the thermal decomposition under an inert atmosphere or
pyrolysis was performed on cashew apple bagasse. The varieties of cashew apple studied in this work showed
similar content of bioactive compounds, total phenolic content, and structural carbohydrates. However, the
Mapiria variety showed values slightly higher than the Regional 8315. Regarding cashew apple juice, it is rich in
tannins and ascorbic acid with values of 191 mg/100 mL and 70 mg/100 mL, respectively, for Mapiria variety.
Additionally, the principal reservoir of bioactive compounds and constitutive carbohydrates was the cashew apple
bagasse. About 50 wt.% of it was composed of cellulose and hemicellulose. Also, in the bagasse, the ascorbic acid
content was in a range of 180–200 mg/100 g, which is higher than other fruits and vegetables. Moreover, al-
kaloids were identified in cashew apples. The maximum value of antioxidant activity (DPPH assay: 405 TEs/g)
was observed in the bagasse of Mapiria variety. The bagasse thermal decomposition started around 150 �C when
the structural carbohydrates and other constitutive substances started to degrade. After thermogravimetric
analysis, a remanent of 20% of the initial weight suggested the formation of a rich-carbon solid, which could
correspond to biochar. Therefore, the cashew apple harvested in Vichada is a valuable reservoir of a wide range of
biomolecules that potentially could be valorized into energy, foods, and pharmacologic applications. Neverthe-
less, future work is necessary to describe the complex compounds of this residual biomass that are still unknown.
1. Introduction

Cashew nut is one of the most important agro-industrial crops
worldwide due to the economic value of this product; the market size of
this nut was around 7.46 billion dollars in 2019 [1,2]. The cashew nut is
uz Reina).

20 February 2022; Accepted 18
evier Ltd. This is an open access a
obtained from the Anacardium occidentale tree, native to Brazil but
introduced to other countries in the world [3]. Colombia is an agricul-
tural country that seeks to increase its participation in the cashew nut
market. The Altillanura of Colombia is a region with a significant po-
tential for agricultural exploitation where the cashew crop is a
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promissory economic activity [4]. Vichada (Coordinates: 6�110N 67�

280W) department is the most extensive territory that belongs to the
Altillanura region, and it has focused the attention of farmers, investors,
and local and national government. This attention resulted in the interest
in increasing the cashew nut production in Vichada [4]. Nowadays, the
Mapiria and Regional 8315 varieties of cashew tree have been widely
cultivated in Vichada. These tree varieties were developed in Colombia to
improve the production yield of nuts. Even though cashew nut produc-
tion is a promissory activity, its agricultural residue management is a
concern in Vichada.

Nowadays, the relevance of this problem has focused the attention of
the scientific community not only concerns Colombia. The residues of
cashew nut production are (1) cashew apple (CA) which is edible, and (2)
cashew nut shell (CNS). Regarding CNS, this is the part of the fruit that
protects the nut. This is a nonedible residue that contains toxic and
complex phenolic compounds [5]. Because of that, the CNS is not part of
the present study since the focus of this article was the characterization of
edible residues of cashew nut production.

Conversely, the cashew nut grows attached to the CA, also known as
the peduncle, and represents about 90 wt.% of the whole fruit [6]. Ac-
cording to FAO data [7], in 2018, cashew nut production in the world
amounted to 6 million tonnes. Although the CA is an edible part of the
fruit, the low acceptance for its flavor generally makes it biomass without
economic value [8]. Approximately 50 million tonnes of CA were
generated in the world in 2018. This considerable generation of agri-
cultural residues increases the contamination of farms, water sources,
and air. Nevertheless, the chemical composition of CA has shown that it is
rich in valuable compounds such as vitamins, sugars, amino acids, di-
etary fibers, minerals, carotenes, and polyphenols, among other phyto-
nutrients [5, 6]. For instance, the vitamin C (ascorbic acid) content that
has been found in CA [9] is higher than observed in oranges [10]. Sugars
such as fructose, sucrose, and glucose have been found in CA [6]. Also,
compounds such as cellulose, hemicellulose, and pectin are part of the CA
composition [11]. Additionally, polyphenols with antioxidant activity
[12] and tannins have been observed in CA from different varieties
worldwide [6]. However, high tannin content is attributed to a strong
astringent flavor, which reduces the value of this biomass [13]. The
chemical composition of CA and the occurrence of these components are
related to the tree variety, place of cultivation, and storage conditions.
Consequently, the main challenge in the valorization of CA is that re-
quires transformation processes to obtain value-added products such as
cashew apple juice (CAJ), syrups, jams and jellies, nutraceutical powders,
or fermented beverages [6, 14]. Recently, some research has used CA in
formulating vegan burger meat after a laboratory-scale cooking process
with flavor acceptance [15]. Usually, chemical [8], physical [9], and
biological [16] processing are performed to modify the CA composition
to develop edible products. It is an important research field that seeks to
reduce the negative impact of cashew nut production. To exploit the
potential of CA, its chemical composition must be analyzed as a primary
step to identify valorization pathways. Though, to the best of our
knowledge, a rigorous chemical and physical characterization of CA from
Colombian varieties has not been reported yet. Therefore, the potential of
this agricultural residue in Colombia is still un-exploited to be used in
value-added products in food, nutraceutical, and pharmaceutical
applications.

Then, this study aimed to determine the chemical, physical charac-
terization, and thermal decomposition of the two varieties of CA, the
most harvested in Vichada. Therefore, this work was the first detailed
study that had the objective to establish the chemical composition of CA
(Mapiria and Regional 8315 varieties) cultivated in Vichada, Colombia.
Then, the CA was analyzed in two parts (i) the natural cashew apple juice
(CAJ) that can be extracted from the fruit, and (ii) the remaining solids,
defined as cashew apple bagasse (CAB). The chemical characterization of
bioactive compounds and constitutive carbohydrates was performed
using advanced analytical techniques such as high-performance liquid
chromatography. Additionally, nutraceutical attributes and antioxidant
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activities were determined in CAJ and CAB to evaluate their potential in
the elaboration of edible products, for instance, syrups, juices, fermented
beverages, or jellies.

2. Materials and methods

2.1. Chemicals

ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), gal-
acturonic acid, gallic acid, tannic acid, DNS (3.5-dinitrosalicylic acid),
β-carotene, sodium carbonate, sodium chloride, and EDTA were pur-
chased from Sigma Aldrich (Saint Louis, USA). Hexane, potassium
chloride, xylose, Folin-Ciocalteu's reagent, and disodium phosphate were
purchased from PanReac AppliChem (Chicago, USA). DPPH (2,2-
diphenyl-1-picrylhydrazyl) was purchased from Santa Cruz Biotech-
nology (Texas, USA). Ethanol, acetone, sodium hydroxide, and sodium
tartrate were purchased fromMerck (Darmstadt, Germany). Fructose and
glucose were purchased from Scharlab (Barcelona, Spain).

Organic acids: (i) lactic, tartaric, acetic, and fumaric were purchased
from PanReac AppliChem (Chicago, USA), and (ii) glyoxylic mono-
hydrated, itaconic, citric, and malic were purchased from Sigma Aldrich
(Saint Louis, USA). Ascorbic acid was purchased from Chemi (Patrica,
Italy). Oxalic acid was purchased from Carlo Erba Reagents (Milano,
Italy).

2.2. Cashew apple juice and cashew apple bagasse

Florez Rojas company (Puerto Carre~no, Vichada, Colombia) kindly
donated the CA of the varieties (i) Regional 8315 (orange) and (ii)
Mapiria (yellow) (Figure 1) that were characterized in this work. The
fruits were stored at -20 �C to avoid degradation of components. For the
juice extraction, a Vitamix ® blender was used. First, 3 kg of fresh CA was
blended for 5 s, and 900 mL of distilled water was added to improve the
filtration and dilution of bio-active compounds. Consequently, 3500 mL
of juice were obtained from 3 kg of fresh CA, which was stored at -20 �C
to avoid degradation andmicroorganism proliferation. After filtering, the
resulting CAB was recovered and stored at -20 �C for further analysis.

2.3. Extraction of bioactive compounds from cashew apple bagasse

Ultrasonic treatment was performed to recover the bioactive com-
pounds from CAB. This process improves the solubilization of bioactive
compounds using the cavitation effect on the sample [17]. The extraction
was performed using CAB (room temperature around 17 �C) and distilled
water (in a ratio of 1:4 g/mL) for 10 min at the maximum power deliv-
ered by the ultrasonic equipment (Bransonic® CPXH 3800). The samples
were stored at 4 �C for 24 h to avoid degradation. Subsequently, the
supernatant was recovered after a centrifugation and filtration
procedure.

2.4. Preliminary identification of phytochemicals

Qualitative tests were performed on the juice and bagasse to identify
common phytochemicals. Tests were run in duplicate. Table 1 lists each
test and the color change expected if the evaluated phytochemical is
present in the sample.

2.5. Cashew apple juice characterization

2.5.1. Titratable acidity, pH, and total soluble solids content
Titratable acidity was measured following the AOAC 942.15 method.

About 5 mL of sample was dissolved in 100 mL of distilled water. The
titration was performed with a 0.1N sodium hydroxide solution, and the
pH changes were measured by a multimeter (SevenMulti™, Mettler-
Toledo, Switzerland). Titration was stopped when a pH of around 8.2
was reached. These tests were run in triplicate for each juice variety. The



Figure 1. Cashew apple varieties: a) Regional 8315 and b) Mapiria.

Table 1. Methodology for assessment of phytochemicals.

Test Phytochemical Color change
(Presence)

Reference

Shinoda Flavonoids Magenta [18]

Rosenheim Leucoantocianydins Crimson/Pale pink [19]

Ferric Chloride Tannins Between blue and
black precipitate

[20]

Foam Saponins Emulsion formation [20]

Wagner's reagent Alkaloids Brown precipitate [18]

Liebermann
Burchard

Sterols From violet/blue to
green

[21]

Bontrager Naphthoquinones
and Anthraquinones

From pink to red in
the ammonium layer

[22]

Chloroform and
sulfuric acid

Carotenoids Green (vanishes after
2 min)

[23, 24]
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pH measurements were performed with a multimeter (SevenMulti™,
Mettler-Toledo, Switzerland). The content of total soluble solids was
determined using an analog Brix portable refractometer (Model RF20,
Extech Instruments, USA). The assays were carried out in triplicate.

2.5.2. Reducing sugars and protein content
The concentration of reducing sugars in the natural juice from CAwas

determined by followingMiller's method. Briefly, this method is based on
the reaction of a reducing sugar with the DNS reagent catalyzed by
temperature. This reaction changes de color of the solution from yellow
to brown, which is measured by spectrophotometry [25]. In this work,
the reactionmixture consisted of 3 mL of DNS reagent and 0.5 mL of juice
sample. The reaction mixture was boiled in a water bath (92 �C) for 5
min, and the reaction was stopped by transferring the test tubes to an icy
water bath for 10 min. Then, the absorbance was measured at 540 nm
using a UV–vis spectrophotometer (Genesys TM 10S UV–vis, Thermo
Scientific, USA). Glucose was used as standard over a range of 0.1–1 g/L
in a calibration curve [25]. The results were expressed as wet basis
percent (wb. %). This assay was done in triplicate for each type of sample.
The BCA Protein Assay Kit (ThermoScientific TM) was used to determine
the total protein content. Accurately 0.05 mL was transferred to a test
tube from the aqueous sample, and then 1 mL of BCA reagent was added.
After that, the sample was incubated (Barnstead Lab-line 305 Imperial III
incubator, Barnstead International, Dubuque, IL, USA) for 30 min at 37
�C. Absorbance was measured at 562 nm using a UV–vis spectropho-
tometer (Genesys TM 10S UV–vis, Thermo Scientific, USA). Calibration
3

was done with albumin in a range of 0–2000 μg/mL. The protein
determination was run in four replicates for each CA variety.

2.6. Organic acids and sugars content

The CAJ and CAB extracts were analyzed to determine the organic
acids and sugars content, based on the method detailed in the NREL/TP-
510-42623 technical report and themethodology used by J.K.S. Andrade,
et al. [26, 27]. For that, 1 mL of each sample was accurately transferred to
2 mL glass vials. The High-Performance Liquid Chromatography (HPLC)
technique was carried out with a Biorad Aminex HPX-87H column, 1300
� 7.8 mm, 9 μm particle size, and 8% cross-linkage (Bio-Rad, USA). The
column was operated in an Agilent Series 1200 HPLC system (Agilent
Technologies, Santa Clara, USA). Both DAD (for organic acids detection)
and RID (for sugars detection) detectors were used. The method speci-
fications used in this work were: (i) column temperature: 55 �C, (ii)
sample injection volume: 0.2 μL, (iii) flow rate of mobile phase: 0.6
mL/min, and iv) sulfuric acid 0.005 M as the mobile phase. Each organic
acid that was analyzed in this work and its calibration range are specified
next: (i) ascorbic acid (100–1000 mg/mL), (ii) acetic acid (250–2500
mg/mL), (iii) citric acid (200–1200mg/mL), (iv) tartaric acid (100–1000
μg/mL), (v) oxalic acid (40–400 mg/mL), (vi) itaconic acid (250–3000
mg/mL), (vii) fumaric acid (40–300 μg/mL), (viii) lactic acid (500–2500
mg/mL), and (ix) glyoxylic acid (250–2000 mg/mL). In addition, the
sugars (i) glucose (calibration range of 10–100 mg/mL) and (ii) fructose
(calibration range of 10–100 mg/mL) were analyzed. Five replicates of
each CAJ and CAB extract were performed.

2.7. Total phenolic and total tannin content

Phenolic content was determined using a modified version of the
Folin-Ciocalteu method [28]. From the aqueous samples (of CAJ and CAB
extract), 0.25 mL were accurately transferred to a test tube and mixed
with (1) 4.8 mL of distilled water, (2) 0.5 mL of Folin-Ciocalteu�s phenol
reagent, and (3) 1.5 mL of 20% (w/v) sodium carbonate solution after 2
min incubation at room temperature. The reaction mixture was allowed
to react for 2 h at room temperature in darkness, and the absorbance was
measured at 765 nm. A calibration curve with gallic acid over a con-
centration range of 25 mg/L to 500 mg/L was used as standard. The
results were reported in milligrams of gallic acid equivalents (mg GAE)
per 100 mL of juice or 100 g of dry matter for CAJ and CAB, respectively.
The assay was done in triplicate for each variety of CA.

Total tannin content was determined using the method mentioned
above with some modifications. The wavelength used for tannins was
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700 nm, and tannic acid as standard was used in a calibration curve over
a concentration range of 5 mg/L to 200 mg/L [29]. This assay was done
in triplicate for each variety of CA.

2.8. Total carotenoid content

The carotenoid extraction was performed on the CAJ and CAB ex-
tracts. Accurately, 0.5 mL of sample was transferred to test tubes. Then,
25 mL of a solution of acetone: hexane: ethanol, at a ratio of 1:2:2, were
added and mixed by vortex for 5 seg. The mixture was allowed to interact
for 30 min at 37 �C. Next, the mixture was separated at 5000 rpm for 5
min at 4 �C in a centrifuge (ThermoFisher Scientific Legend XTR). The
supernatant corresponding to the hexane with carotenoids (organic
phase) was recovered. The concentration of total carotenoids was
determined by spectrophotometry using a UV–vis spectrophotometer
(Genesys TM 10S UV–vis, Thermo Scientific, USA). The absorbance was
measured at 540 nm with hexane as blank [30]. A standard calibration
curve with β-carotene in a range of 0.5–14 μg/mL was used. This assay
was run in triplicate for each variety of CA.

2.9. Mineral content

The quantification of minerals was performed following the U.S. EPA
Method 3051A (Microwave Assisted Acid Digestion of Sediments,
Sludges, and Oils) and EPA Method 6010D (SW-846) procedures. For the
digestion of liquid samples, about 45 mL of juice were transferred to a
flask. Accurately, 4 mL of HNO3 and 1 mL of HCl were added. The
mixture was heated up to 170 �C in a microwave oven (CEM model
MARS6) for 10 min. Next, the aqueous solution was filtered and washed
with NHO3 5 v.% solution. The filtrate was transferred to the ICP
equipment (Inductively Coupled Plasma Atomic Emission Spectrometry,
ICP-OES Thermo Electron ICAP 6500 Duo, Thermo Scientific, USA) for
mineral determination. Zinc (Zn), copper (Cu), and iron (Fe) contents
were measured at 213 nm, 324 nm, and 259 nm, respectively. The cali-
bration was in the range of 0.05 mg/L to 10 mg/L for each mineral. The
procedure was run in duplicate.

For solid samples, accurately 0.5 g of bagasse was mixed with 9 mL
of HNO3 and 3 mL of HCl. The digestion was performed in a micro-
wave oven (CEM model MARS6) at 175 �C for 10 min. After cooling to
room temperature, the sample is filtered and washed with HNO3 5 v.%
solution. Then, the sample was taken to the IPC equipment (Induc-
tively Coupled Plasma Atomic Emission Spectrometry, ICP-OES
Thermo Electron ICAP 6500 Duo, Thermo Scientific, USA) for min-
eral measurement. Zinc (Zn), copper (Cu), and iron (Fe) contents were
measured at 213 nm, 324 nm, and 259 nm, respectively. The cali-
bration was in the range of 0.05 mg/L to 10 mg/L. The procedure was
run in duplicate.

2.10. Cashew apple bagasse characterization

2.10.1. Sample preparation
The moist CAB was obtained after the juice filtration and was dried

following the NREL/TP-510-42620 protocol. The CAB sample was dried
in a convection oven at 45 �C for 36 h. After that, the CAB was ground
until the entire sample passed the 1mm screen [31].

2.10.2. Moisture content
The moisture content of the CAB was determined by gravimetry.

Accurately, 2 g of CAB were weighed in a thermobalance Precisa XM
60, d 0.001 g (Precisa instruments AG, 8953 Dietikon, Switzerland).
The sample was heated for 30–45 min at 105 �C until reaching a
constant weight [32]. For further calculations, the oven-dry weight
(ODW) was calculated under the NREL/TP-510-42621 procedure by
follows by Eq. (1).
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Oven Dry Weight ðODWÞðgÞ¼W0 � ð100�%MÞ
100

(1)
Where W0 is the initial sample weight (g), and %M is the moisture
percent (%) obtained from the thermobalance. This measurement was
done in triplicate for each analyzed variety of CAB.

2.10.3. Extractives content
The waxes, gums, and free sugars extracted with solvents are known

as extractives. The extractive content of CAB was determined following
the NREL/TP-510-42619 protocol [33]. About 10 g of dried CAB were
transferred to a cellulose thimble. Then, Soxhlet extraction with water
was performed for 24 h, followed by extraction with ethanol (96 % pu-
rity) for another 24 h. The solids were recovered and washed with
distilled water for further analysis. The flask with the solvent plus ex-
tractives of each extraction was transferred to a rotary evaporator
(BÜCHI Rotavapor R-114). After solvent remotion, the content of ex-
tractives was weighted. To calculate the extractives, Eq. (2) was used.

Extractives ð%Þ¼Wfþe � Wf

ODWsample
� 100 (2)

Where Wfþe is the weight of the flask plus extractives after solvent
remotion (g), Wf is the weight of the empty flask before extraction (g),
and ODWsample corresponds to the oven-dry weight of the sample (g). The
assay was done in triplicate for each variety of CAB analyzed.

2.10.4. Protein content
Kjeldahl's method was used to determine the nitrogen content of the

samples [34]. The protein content was measured following the ISO
11261:1995 (E) method. Accurately, 0.5 g of sample was digested in
micro Kjeldahl equipment (Velp Scientifica model DKL12, Usmate, Italy).
A solution of NaOH was added and mixed well with the digested sample.
Next, the mixture was separated in a steam distillation unit (Buchi model
K-355, Switzerland). The recovered sample was titrated with H2SO4 in an
automatic titrator (Methrom model 702 SC Titrino). The protocol was
run in duplicate. A conversion factor of 6.25 was used to find the protein
content in the solid sample [35].

2.10.5. Lignin and constitutive carbohydrates content
Lignin and constitutive carbohydrates content was determined

following the NREL procedure (TP-510-42618) [36]. Accurately, 300 mg
� 10mg of free extractives samples of CABwere transferred to a test tube,
and 3 mL of H2SO4 solution (72 wt.%) were added. The mixture was
allowed to react for 1 h at 30 �C with periodic agitation. Next, the acid
solution was diluted to a concentration of 4 wt.%, and the mixture was
allowed to react for 1h at 121 �C.After that, the solidswere separated from
liquids by filtering with a dry crucible. The solid fraction was used to
determine the lignin content by gravimetric analysis of the sample. Cel-
lulose and hemicellulose content were determined in the aqueous phase
byHPLC. The columnused in thisworkwas aRezexRCM-Monosaccharide
Caþ2 (8 %) (300 � 7.8 mm) (Phenomenex, Torrance, CA, USA) operated
by an Agilent Series 1200 HPLC system (Agilent Technologies, Santa
Clara, USA). The method details were (1) column temperature: 85 �C, (2)
sample injectionvolume: 10μL, (3)flowrate ofmobile phase: 0.6mL/min,
and (4) ultrapure water as the mobile phase. Glucose and xylose concen-
tration was related to cellulose and hemicellulose concentration in the
CAB, as is described by Sluiter [36]. Calibration curves of glucose and
xylosewere used in a range of 0.5 g/L to 4 g/L. Five replicateswere run for
each variety of CAB.

2.10.6. Ash content
Ash content was determined following the protocol NREL/TP-510-

42622 [37]. Accurately, 2 g of moisture-free samples were placed in
previously cured crucibles and transferred to a muffle for 5 h following



Table 2. Results of identification of phytochemicals.

Phytochemical Cashew apple juice Cashew apple bagasse

Mapiria Regional
8315

Mapiria Regional
8315

Flavonoids (–) (–) (–) (–)

Leucoanthocyanins (–) (–) (þ) (þ)

Tannins (þ) (þ) (þ) (þ)

Saponins (–) (–) (–) (–)

Alkaloids (þ) (þ) (þ) (þ) (–) (–)

Sterols (–) (–) (þ) (þ)

Naphthoquinones
and anthraquinones

(–) (–) (–) (–)

Carotenoids (þ) (þ) (þ) (þ)

* Interpretation: (þ) color observed (presence), (þ) (þ) dark-color observed
(relative high presence), (–) no color observed (not detected).
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the heating ramp: (1) from room temperature to 105 �C (10 �C/min) for
12 min, (2) from 105 �C to 250 �C (10 �C/min) for 30 min, and finally, (3)
from 250 �C to 575 �C (20 �C/min) for 180 min. After that, the sample
was allowed to cold to 105 �C and transferred to a desiccator recipe. The
ash content calculations were done using Eq. (3), as detailed in the
protocol.

Ash ð%Þ¼Wcþa �Wc

ODWsample
� 100 (3)

Where Wcþa is the weight of crucible plus ashes (g), Wc corresponds to
the weight of dry, empty crucible (g), and ODWsample corresponds to the
oven-dry weight of the sample (g). Five replicates were analyzed in this
work for each variety of CAB.

2.10.7. Pectin content
A colorimetric method based on the reaction of carbazole with gal-

acturonic acid was implemented. For that, 1 g of CAB was washed with
ethanol (1:2 w/v) and filtered to remove remnant sugars and other
ethanol-soluble compounds. Then, samples were treated for 30 min with
a solution of EDTA (5%). After that, NaOH (1M) was added until a pH of
11.5 was achieved. Themixture was allowed to interact for 30 min. Then,
acetic acid solution (0.25 M) was added until a pH between 5 to 5.5 was
reached. Pectinase from Aspergillus niger (0.5 g) was added to perform
complete hydrolysis of galacturonic acid. The supernatant of the hydro-
lysate was retrieved and used for the colorimetric quantification by
treating samples with H2SO4 (98 wt%) at 5 �C, cooled in an ice bath until
the sample reached 3 �C, and then heated up to 90 �C in a water bath. The
colorimetric reaction occurred for 25 min in the presence of carbazole
solution (0.15%). Absorbance was measured using a UV–vis spectro-
photometer (Genesys TM 10S UV–vis, Thermo Scientific, USA) at 530
nm. Finally, 0.1 g of pectin was treated to find the ratio between the
amount of galacturonic acid per unit of pectin [38, 39]. A calibration
curve with galacturonic acid in a range of 10–100 μg/mL was used as
standard. Four replicates were analyzed in this work for each variety of
CAB.

2.10.8. Thermal decomposition
The thermal decomposition of CAB was studied by thermogravimetry

analysis (TGA). Tests were performed using a TA Instruments Q600
thermogravimetric analyzer with alumina sample pans. The temperature
ranged from 17 �C to 1000 �C with a constant heating rate of 10 �C/min
in a nitrogen atmosphere. Two sample runs were performed under the
same experimental conditions.

2.11. Antioxidant activity

Antioxidant activity was determined by ABTS and DPPH radical
cation decolorization assays. For the first-mentioned method, non-
oxidized ABTS was dissolved in water to a 7 nM concentration. Then,
it was allowed to react in the dark at room temperature for 16 h with a
potassium persulfate solution (0.45 nM) to form the ABTSþ solution.
Following, this solution with a dark-green color was diluted in a
phosphate-buffered saline (PBS) buffer (pH 7.4) until reaching an
absorbance of 0.700 at 734 nm. This final solution is the radical working
ABTSþ solution.

To assess the antioxidant activity, 1 mL of the working solution was
transferred to a spectrophotometer plastic cell. Accurately, 10 μL of the
aqueous sample was added, and it was allowed to react in darkness for 5
min at room temperature. The absorbance values were measured at 734
nm using a UV–vis spectrophotometer (Genesys TM 10S UV–vis, Thermo
Scientific, USA) with the work solution as control [40]. A calibration
curve with Trolox in a range of 10–600 μM was used to determine the
antioxidant activity. Four replicates for each CAJ and CAB extract sample
were run.
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The DPPH assay was performed accordingly to the method reported
by Brand-Williams [41] with some modifications. A stock solution of
DPPH was prepared using 0.24 mg of DPPH diluted in 10mL of ethanol
(99 v.%). Next, more ethanol was added to the DPPH solution until
achieving an absorbance of 1.1� 0.02 at 517 nm (about 60mL of ethanol
was needed) to prepare the working DPPH solution. To assess the anti-
oxidant activity, 150 μL of the aqueous sample was mixed with 2850 μL
of the working DPPH solution. The resulting solution was allowed to
react for 30 min in darkness at room temperature. Then, the absorbance
was measured at 517 nm in a UV-vis spectrophotometer (Genesys TM 10S
UV–vis, Thermo Scientific, USA) with pure ethanol as blank. A standard
curve was prepared using Trolox solutions in 80–800 μM. Results of
antioxidant activity were expressed in Trolox Equivalents (TEs) which
refers to mmol of Trolox. Four replicates for each sample of CAJ and CAB
extracts were run.

2.12. Statistical analysis

Obtained data were processed using the analysis of variance
(ANOVA). The significance levels of the differences between means of
each variety were determined using the t-test of Tukey (p < 0.05).

3. Results and discussion

3.1. Preliminary identification of phytochemicals

Phytochemicals are important metabolites that are present in vege-
table food and biomass. They are non-nutritive chemical compounds that
have been proved to have health protection benefits [42]. Therefore, the
identification of phytochemicals provides a first screening of the content
of these valuable substances in CA.

Table 2 presents the results of the preliminary identification of phy-
tochemicals in CAJ and CAB. Regarding the identified phytochemicals,
leucoanthocyanins that belong to the flavonoid family were found in CAB
extracts. These components are related to anthocyanins and contribute to
a particular color in plants. Also, they have a positive impact on human
health. These compounds possess strong scavenging reactive oxygen
species [43]. This effect protects the cell DNA from oxidative damage.
Some plants that contain anthocyanins are Solanaceous fruits, including
tomato, eggplant, and pepper [44].

Moreover, tannins were identified in the samples of CAJ and CAB.
Tannins are a diverse group of polyphenolic compounds widely distrib-
uted among medicinal plants. An essential property of tannins is to form
stable complexes with proteins, starches, and other macromolecules.
Tannins in plant extracts have been used as astringents against diarrhea,
anti-inflammatory drugs, and antiseptic pharmaceuticals [45]. The
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cashew tree (Anacardium occidentale) belongs to the family Anacardia-
ceae, also the mango tree (Mangifera indica). TheMangifera indica tree has
been studied for tannin identification. Available data showed that the
leaves of Mangifera indica have tannins such as penta-O-galloylglucose,
epigallocatechin-3-O-gallate-(4β→8)-epigallocatechin(4β→8)-catechin,
and maclurin-3-C0-(200,300, 600-o-galloyl)-β-d-glucoside [46, 47]. This tree
is genetically related to cashew; then, similar tannins could be found in
CA.

The qualitative test marked positive for alkaloids in the juice of both
varieties of CA analyzed in this work. Alkaloids are defined as bioactive
substances with nitrogen-containing organic compounds. In plants, al-
kaloids are considered part of their defense mechanism since they act as
poisons and repellents to predators [48]. Alkaloids are a diverse family of
bioactive compounds and are mainly classified into pyrrolidines
(hygrine), tropanes (cocaine), pyrrolizidines (retronecine), pyridines
(nicotine), isoquinolines (papaverine), and purine derivatives (caffeine),
among others [49].

The isoquinoline alkaloids have one of the most abundant occur-
rences in the plant kingdom, and they are found in a vast number of
family plants. Some of them are Berberidaceae, Fumariaceae, Rubiaceae,
Magnoliaeace, Ranunculacea, Cactacear, Lauraceae, and Leguminosae.
The importance of this family of alkaloids is that they have shown
pharmacological and biological activities. Some effects such as anti-
cancer, antioxidant, anti-inflammatory, antifungal, antihyperglycemic,
and antiviral have been observed related to isoquinolines [50].

Alkaloid-related compounds that have been found in mango tree
steam bark are Cis-zeatin riboside, trans-zeatin, and trans-zeatin ribose
[46]. The genetic relation between mango and cashew trees could indi-
cate the type of alkaloids that could be found in both plants. As far as we
know, no further information has been published about this topic at the
moment of writing this work. Therefore, alkaloid characterization in
cashew trees is an open field of investigation. More studies are needed to
explore all the potential of alkaloids in Colombian cashew varieties.

Additionally, sterols were also found in CAB extracts. They are
bioactive compounds present in plants and are similar to cholesterol
[51]. Functional properties of sterols are attributed to anti-inflammatory
[52], anti-apoptotic [53], and anticancer [54] effects. Other plants
commonly used in the human diet where sterols can be found are Pim-
pinella anisum, Coriandrum sativum, Carum carvi, or Sinapis alba [55].

Regarding carotenoids that were found in the samples, they are non-
toxic compounds with potent antioxidant bioactivity, and they are
considered radical-free oxygen scavengers. This effect can reduce the
Table 3. Physical properties of cashew apple juice. Adapted from [6].

Parameter Unit Value

Titratable acidity g/100 mL 0.150 � 0.005a

0.170 � 0.008a

0.28–0.43

0.32

0.48–0.63

pH - 4.56

4.61

3.77–4.40

3.40–4.14

3.70–4.15

Total soluble solids Brix 23

22

7.4–12.2

10–13.8

11–13.1

Values are expressed in means � standard deviation (n ¼ 3).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
Commercial juices and pulps could be processed to improve the characteristics of the
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oxidative stress in cells, which is the desired effect that helps to reduce
the incidence of cancer [56]. Consequently, carotenoids are desirable
compounds in edible products, and they can be found in plants and fruits
from species such as Anacardium spp, Byrsonima crassifolia, Caryocar
coriaceum, Genipa americana, Spinacia oleracea, Vitis labrusca, and Sola-
num lycopersicum, among others [57, 58].

Finally, with the information obtained from the phytochemical
identification, it was observed that Colombian CAs have a wide range of
valuable natural compounds. Therefore, this agricultural residue is a
reservoir of essential substances that can be used to formulate pharma-
ceuticals and edible products due to their bioactive perspective.

3.2. Characterization of cashew apple juice

3.2.1. Titratable acidity, pH, and total soluble solids content
Table 3 summarizes the titratable acidity, pH, and total soluble solids

that were measured in CAJ. Titratable acidity and pH values are related
to the concentration and variety of organic acids found in fruit beverages
[59]. The titratable acidity and pH were similar between the Regional
8315 and Mapiria varieties studied in this work. Nevertheless, the
titratable acidity of natural juices from Colombian varieties was below
compared to some reports of CAJ from Brazil, India, or Nigeria. This last
indicates that preserving agents and acidity regulators could be added to
the juices to improve their characteristics, as is commonly made in the
fruit juice production industry [60].

Regarding total soluble solids content, this parameter was found
similar between the natural juices obtained from Regional 8315
(23�Brix) and Mapiria (22�Brix) varieties. Compared to commercial ref-
erences of juices found in Brazil or India, the total soluble solids values in
Colombian CAJs were found higher. This high content of soluble solids
causes turbidity in the juice and can be related to a high presence of non-
structural sugars that can be highly solubilized in water during the juice
elaboration [32].

These observations indicate that this parameter should be modified to
improve the aspect of commercial juices that would be obtained from CA,
as commercial references indicate.

3.2.2. Reducing sugars and protein content
The measurements of reducing sugars and protein content in CAJ are

summarized in Table 4. In the analyzed Colombian varieties, the reducing
sugar content was in a range of 9.80–11.8 wb. %, which fits in values re-
ported in Brazilian [9, 61, 62] and Indian [14, 63] CAJs. By contrast,
Country (details) Reference

Colombia (Regional 8315) Present study

Colombia (Mapiria) Present study

Brazil (Commercial juices and pulps) [9, 61, 62]

India (Andhra Pradesh, and others) [14, 63]

Nigeria (Kosoniola farm, Oro) [13, 64, 65]

Colombia (Regional 8315) Present study

Colombia (Mapiria) Present study

Brazil (Commercial juices and pulps) [9, 62, 66, 67]

India (Andhra Pradesh, and others) [14, 63, 68]

Nigeria (Kosoniola farm, Oro) [64, 65, 69, 70]

Colombia (Regional 8315) Present study

Colombia (Mapiria) Present study

Brazil (Commercial juices and pulps) [9, 62, 66, 67]

India (Andhra Pradesh, and others) [14, 63, 68]

Nigeria (Kosoniola farm, Oro) [64, 65, 69, 70]

final product.



Table 4. Reducing sugars and protein content in cashew apple juice.

Component Unit Value Country (details) Reference

Reducing
sugars

wb. % 9.99 � 0.17a Colombia (Regional
8315)

Present study

10.6 � 0.42a Colombia (Mapiria) Present study

9.8–10.45 Brazil (Commercial
juices and pulps)

[9, 61, 62]

1.76–11.8 India (Andhra
Pradesh, and others)

[14, 63]

3.20 Nigeria (Kosoniola
farm, Oro)

[13, 64, 65]

Protein g/100 mL 2.54 � 0.20a Colombia (Regional
8315)

Present study

3.37 � 0.16b Colombia (Mapiria) Present study

7.85–30* India (Chatrapur,
Odisha)

[72]

Values are expressed in means � standard deviation (n ¼ 3).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
Commercial juices and pulps could be processed to improve the characteristics of
the final product.
*This work used enzymes to extract the components.

Table 5. Organic acids profile and non-structural sugars quantification in juice.

Compound Unit Value Country (details) Reference

Organic acids mg/100 mL

Ascorbic acid 51.8 � 1.82a Colombia
(Regional 8315)

Present
study

70.5 � 3.03b Colombia
(Mapiria)

Present
study

49.3 � 2.05 Brazil
(commercial)

[12]

63.9 � 2.20 Brazil
(commercial,
Kipolpa ®)

[87]

79–256 India
(Chatrapur,
Odisha)

[72]

Oxalic acid 9.88 � 0.23a Colombia
(Regional 8315)

Present
study

16.1 � 0.45b Colombia
(Mapiria)

Present
study

Tartaric acid 67.9 � 7.98a Colombia
(Regional 8315)

Present
study

75.4 � 14.9a Colombia
(Mapiria)

Present
study

Citric acid 53.3 � 2.47a Colombia
(Regional 8315)

Present
study

56.6 � 3.46a Colombia
(Mapiria)

Present
study

Fumaric acid 18.2 � 0.18a Colombia
(Regional 8315)

Present
study

12.1 � 0.30b Colombia
(Mapiria)

Present
study

Sugars g/L

Glucose 45.1 � 0.29a Colombia
(Regional 8315)

Present
study

45.6 � 0.32a Colombia
(Mapiria)

Present
study

36.5 Brazil (clarified) [88]

Fructose 13.9 � 1.14a Colombia
(Regional 8315)

Present
study

15.4 � 0.56a Colombia
(Mapiria)

Present
study

Values are expressed in means � standard deviation (n ¼ 5).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
Itaconic, acetic, glyoxylic, and lactic acids were not detected.
Commercial juices and pulps could be processed to improve the characteristics of
the final product.
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Nigerian juice has a lower reducing sugar content (3.2 wb. %) than the
other ones referenced. This suggests that modifications are necessary for
the natural CAJ to improve its acceptance. During the elaboration of
commercial juices, some joint operations such as filtering, dilution, or
pasteurization can change the sugar concentration in thefinal product [8].
Conversely, the sensorial perception can be modified due to sugar
reduction, as Tsitlakidou, et al. described for orange juice soft drinks [71].

Regarding protein content, values of 2.54 g/100 mL and 3.30 g/100
mL were found in the Regional 8315 and Mapiria CAJs, respectively.
These values are lower than Indian CAJ obtained from CA varieties
harvested in Odisha. The differences are attributed to the extraction
process performed by S. Abdullah et al., which was assisted by enzymes
in that case. Then, proteins were extracted more efficiently; however,
enzymes can increase the complexity and cost of processing. Moreover,
proteins can strongly interact with bioactive compounds such as tannins.
These interactions are influenced by protein characteristics (including
size, amino acid composition, and posttranslational modifications) and
conditions in media (pH, temperature, and solvent composition) [68].
The protein content in orange, lemon, and ginger juices (0.01–0.56
g/100 mL) [10] is under the values obtained for CAJ, studied in the
present work. This last indicates that CA could be a reservoir of vegetable
proteins. Though, the amino acid profile in CAJ and the protein in-
teractions between other compounds should be studied to address the
development of nutraceutical or nutraceutical products from this agri-
cultural residue [73].

Fermented beverages and bioethanol production from CAJ are open
fields for further investigations. Regarding fermentation processes to
produce ethanol, reducing sugars and protein contents are important
variables to consider [16, 74, 75]. It is known that sugars are trans-
formed into ethanol by yeasts. Furthermore, the nitrogen source in the
culture media must be enough to ensure yeast growth [76]. The initial
sugar concentration for producing ethanol with yeast varies from 33 to
500 g/L (3.3–50 wb. %) in the culture media, and the ethanol produc-
tivity varies from 0.17 to 3.46 g/L/h [77]. These observations highlight
the importance of fermentation variables such as initial sugar and pro-
tein content, yeast strain, or fermentation time in ethanol productivity.
Accordingly, CAJ from Regional 8315 and Mapiria varieties could be a
suitable source of sugars for alcoholic fermentation processes. Never-
theless, adjusting sugar concentration, protein content, or the addition of
any other component may be necessary during fermentation to obtain
value-added products such as vinegar, fermented beverages, or
bio-ethanol [75].
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3.2.3. Organic acids and sugars content
Organic acids are bioactive compounds required in the human diet

because of their beneficial effect on health. These substances are natu-
rally present in small quantities in plant products and lipid-rich foods
[78]. Table 5 presents the organic acids profile in CAJ studied in this
work. The juices of Regional 8315 and Mapiria varieties showed signif-
icant differences between the content of ascorbic, oxalic, and fumaric
acids. This could be related to genetic differences between the varieties of
CAs analyzed in this work. Itaconic, acetic, and lactic acids were not
detected in any of the samples analyzed.

One of the most important organic acids is ascorbic acid, also called
vitamin C. This compound is considered an effective natural antioxidant,
which is necessary for the normal function of the human body. Also, it is
involved in physiological functions such as catabolism and reduction of
oxidative stress in cells [79, 80, 81]. Some studies have suggested that a
daily intake of 90 mg of ascorbic acid can reduce the incidence of res-
piratory diseases and other illnesses in men and women [82]. Ascorbic
acid content observed in the juice from Mapiria variety (70.5 � 3.03
mg/100 mL of juice) exhibited a higher value than Regional 8315 variety



Table 6. Phenolic compounds in cashew apple juice.

Compound Unit Value Country (details) Reference

Phenolics

Tannins mg TA/100
mL

178 �
7.08a

Colombia (Regional
8315)

Present
study

191 �
1.66b

Colombia (Mapiria) Present
study

12.2–12.4 Thailand [93]

270 Brazil (natural juice) [94]

Carotenoids μg/100 mL N.D. Colombia (Regional
8315)

Present
study

N.D. Colombia (Mapiria) Present
study

Total
phenols

mg GAE/100
mL

190 �
9.02a

Colombia (Regional
8315)

Present
study

196 �
5.72a

Colombia (Mapiria) Present
study

111–245 India (Chatrapur,
Odisha)

[72]

12.2–12.4 Thailand [93]

Values are expressed in means � standard deviation (n ¼ 3).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
TA: Tannic acid, GAE: Gallic Acid Equivalents. N.D.: Not Detected (under assay
conditions).

Table 7. Mineral content in cashew apple juice.

Compound Unit Value Country (details) Reference

Minerals

Zinc (Zn) mg/L Zn 0.413 Colombia (Regional 8315) Present study

0.462 Colombia (Mapiria) Present study

4.70 � 0.31 Brazil (commercial) [12]

11.20 Brazil [94]

Copper (Cu) mg/L Cu 0.218 Colombia (Regional 8315) Present study

0.358 Colombia (Mapiria) Present study

2.10 � 0.14 Brazil (commercial) [12]

L.D. Brazil [94]

Iron (Fe) mg/L Fe 0.263 Colombia (Regional 8315) Present study

0.378 Colombia (Mapiria) Present study

1.82 � 0.12 Brazil (commercial) [12]

L.D.: below the detection limit of the analytical method.
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(51.8 � 1.82 mg/100 mL of juice). Compared to commercial references
of CAJs from Brazil, they showed ascorbic acid values between 44 to 50
mg/100 mL of juice.

In contrast, the ascorbic acid content of CAJ and pulps from India can
be found in a range of 70–250 mg/100 mL of sample. This last can be
related to the varieties cultivated in this country, the maturation state of
CA, the storage conditions, and the processing of the apples [83]. Hence,
CA is an agricultural residue rich in ascorbic acid that should be more
studied for addressing nutraceutical and pharmacological applications.

Oxalic acid was identified in Regional 8315 (9.88 � 0.23 mg/100 mL
of juice) and Mapiria (16.1 � 0.45 mg/100 mL of juice) juices. This
compound is an important metabolic product of plants because it pos-
sesses important biological functions. Accordingly, oxalic acid plays an
important role in living organisms, such as regulating calcium concen-
tration in plant tissues, heavy metal tolerance [83], and reducing chilling
injury in vegetables [84]. Tartaric acid was identified in Regional 8315
(67.9 � 7.98 mg/100 mL of juice) and Mapiria (75.4 � 14.9 mg/100 mL
of juice) juices, with values of tartaric acid statistically similar between
both varieties of CA. This compound was identified as the representative
organic acid with the higher concentration in the analyzed samples of
CAJ. In grape berries, tartaric acid is also the main organic acid [85],
similar to the CA evaluated in the present work. Also, citric acid was
identified in Regional 8315 (53.3 � 2.47 mg/100 mL of juice) and
Mapiria (56.6 � 3.46 mg/100 mL of juice) juices. Citric acid is an
acidulant agent in fruit beverages [85] and is commonly found in citric
fruits. The fumaric acid in CAJs was found in 12–18 mg/100 mL of
sample. This organic acid is used as a food preserving agent because it has
strong bactericidal activity due to its low pKa values and it is considered
safe by the U.S. FDA [86].

Bioactive compounds have pharmacologic properties such as anti-
oxidant effects and inhibition or induction of specific gene expressions
[89]. Consequently, these compounds have shown positive effects on
human health. It has been proved that they can diminish the incidence of
diseases, such as cancer, heart disease, diabetes, and age-related func-
tional decadence [90, 91, 92].

Regarding non-structural sugars, glucose and fructose were found in
the juices of Regional 8315 (45.1 � 0.29 g/L and 13.9 � 1.14 g/L,
respectively) and Mapiria (45.6 � 0.32 g/L and 15.4 � 0.56 g/L
respectively) CA varieties. These values are in concordance with the
concentration of reducing sugars reported in the previous section.
Comparing these values with a clarified Brazilian commercial CAJ [88],
it can be seen that natural juices present higher glucose values. Clarifi-
cation of natural juices can reduce the content of solids, including sugars,
which can modify the flavor characteristics of the juice [93].

3.2.4. Total phenolic, total tannin, and total carotenoid content
Table 6 summarizes the results of phenolic compounds identified in

the CAJ varieties. In the analyzed CAJs, the tannin content was 178 and
191 mg/100 mL of juice. Statistical differences between both varieties of
CA were identified. The differences found can be attributed to each type
of CA [68] since the higher tannin content was observed in the juice of
the Mapiria variety (yellow apple). The total phenolic content for
Regional 8315 and Mapiria juices were 190 and 196 mg/100 mL,
respectively. Contrary, carotenoid concentration was not detected under
the conditions of the assay. Even though carotenoids were detected in the
qualitative analysis of CAJ, the carotenoid content was below the
quantification limit of the analytical technique (<0.5 μg/mL).

Comparing the natural juices with commercial juices from Thailand
or India, it is evident that the content of tannins is lower in commercial
products. The tannins and total phenolic content were similar between
the CAJs of Regional 8315 and Mapiria varieties, suggesting that tannins
are the primary type of phenolics in the sample. Concerning tannins, their
presence in juices is associated with astringency [95]. Also, they could
inhibit the growth of microorganisms during fermentation [96]. There-
fore, processes such as clarification can remove these components that
interfere with fermentation [97].
8

3.2.5. Mineral content
Minerals such as Cu, Fe, and Zn are essential elements for metabolic

processes due to their interaction with enzymes, defined as natural cat-
alysts for cells. The deficiency of some minerals in the human body
causes anemia, deficiencies in fetal and infant development, dermatitis,
and growth retardation [98]. Table 7 presents the mineral content
measured in CAJ. Zn, Cu, and Fe contents in the CAJ were 0.413, 0.218,
0.263 mg/L, and 0.462, 0.358, 0.378 for Regional 8315 and Mapiria
varieties, respectively. Compared to a commercial juice from Brazil, these
values are lower, being the Brazilian ones in a 1.8–11 mg/L range. These
differences can be attributed to the variety of the CA, cultivation con-
ditions, juice extraction processes, and modification during the com-
mercial juice elaboration.

In some fermentation processes withwhite-rot fungi, the content of Cu
in the culture media is essential for synthesizing enzymes such as laccases
and other oxidases [99]. These enzymes can promote the degradation of
phenolic compounds such as lignin, tannins, and other complexmolecules
[96]. Therefore, juices obtained from CA can be a suitable substrate for
white-rot fungi cultivation, which could be a novel research field of
investigation in biotechnological applications such as fungal biomass
[99], and enzyme production [100], and bioremediation [101].
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3.3. Cashew apple bagasse characterization

The CAB corresponds to about 10 wt.% of the whole weight of CA.
This is the by-product obtained after the juice extraction. The chemical
characterization of CA is important to find interesting and sustainable
ways to use this biomass in further valorization routes.

3.3.1. Organic acids content
Table 8 summarizes the results for organic acid characterization in

CAB. Ascorbic, citric, and lactic acids were the principal organic acids
measured in the CAB of Regional 8315 and Mapiria varieties. The
ascorbic content of Mapiria (204 � 4.26 mg/100 g) was statistically
different from Regional 8315 (188� 3.81 mg/100 g). These results were
in concordance with the observations in CAJ, mentioned and discussed
previously. Compared to CAB from Brazilian investigations, the content
of ascorbic acid is variable between the commercial or industrialized
products (range of 20–900 mg/100 g) [102,103]. This can be attributed
to transformation processes made on the pulps that contain the dietary
fibers of CAB.

Furthermore, the concentrations of oxalic acid from Colombian CAB
varieties were statistically different, being Mapiria (74.9 � 2.69 mg/100
g) the higher one. The CA processing could be associated with these
variations since the artisanal pulps present a higher content of ascorbic
acid than industrialized ones. It is believed that oxalic acid improves the
vegetable membrane integrity due to its antioxidant activity, which in-
creases the storage life in post harvested fruits. Therefore, oxalic acid has
Table 8. Organic acids in cashew apple bagasse and pulps.

Component Unit Value Country (details) Reference

Organic
acids

mg/100 g

Ascorbic
acid

188 � 3.81a Colombia
(Regional 8315)

Present
study

204 � 4.26b Colombia (Mapiria) Present
study

N.D. Brazil
(commercial)

[12]

901 � 74.8 Brazil (artisanal) [15]

20.3 � 0.02 Brazil
(industrialized)

[15]

109–115 Brazil [102]

189–200 Brazil (Cear�a,
commercial)

[104]

Oxalic
acid

64.2 � 1.74a Colombia
(Regional 8315)

Present
study

74.9 � 2.69b Colombia (Mapiria) Present
study

Citric
acid

698 � 60.6a Colombia
(Regional 8315)

Present
study

1385 � 269.8b Colombia (Mapiria) Present
study

Fumaric
acid

58.2 � 0.38a Colombia
(Regional 8315)

Present
study

28.5 � 1.03b Colombia (Mapiria) Present
study

Lactic
acid

5177 � 536.1a Colombia
(Regional 8315)

Present
study

4803 � 370.8a Colombia (Mapiria) Present
study

Values are expressed in means � standard deviation (n ¼ 5).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
Itaconic, acetic, glyoxylic, and tartaric acids were not detected.
The concentration of organic acids and phenolics is reported per 100 g of dry
bagasse.
Commercial cashew apple bagasse and pulps could be processed to improve the
characteristics of the final product.
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been studied as an effective additive that reduces chilling injury in har-
vested mangoes [105] and peaches [106]. These observations suggest
that CA could be resistant to chilling injury, a helpful attribute in the cold
preservation chain of this fruit. Then, the oxalic acid of CA could have a
protective effect against chilling injury during freezing storage, espe-
cially in CA of Mapiria variety.

Similarly, the citric acid content in CAB was found higher in the
Mapiria variety (1385 � 269.8 mg/100 g). Other studies measuring the
citric acid content in CAB were not found at the moment of writing this
article. The content of citric acid that was found in this work is compa-
rable to fruits with high content, such as the baobab (Adansonia digitata)
fruit (3345 mg/100 g) [105] and guava (Psidium guajava) (2120 mg/100
g) [106].

In addition, fumaric acid content was statistically different between
the analyzed samples of CAB, with the Regional 8315 (58.2 � 0.38 mg/
100g) being the one with higher content. Tartaric acid was the organic
acid with the lowest concentration in the analyzed bagasse samples.
Contrary, in Colombian CAB samples, lactic acid was the representative
organic acid, valued between 4500 and 5000 mg/100 g. This result could
be related to a fermentation process mediated by bacteria that occurs in
the last maturation state of the CA. During fermentation, malic acid is
transformed into lactic acid [107]. The natural microbiota in CA before
the freezing storage can promote the transformation of bioactive com-
pounds. This unavoidable effect is also observed in wines and grapes
[108].

3.3.2. Total phenolic, total tannin, and carotenoid content in cashew apple
bagasse

Table 9 presents the results for total phenolic content measurements
in bagasse varieties studied in this work. The total phenolic content in
CAB was 293 � 2.84 mg GAE/100 g and 265 � 3.88 mg GAE/100 g for
Regional 8315 and Mapiria varieties, respectively. Similarly, as observed
in CAJ, the content of total phenols and total tannins were similar,
indicating that tannins are the representative phenolics in the samples.
The Brazilian references of CA pulps have a lower content of total
Table 9. Phenolic compounds in cashew apple bagasse.

Component Unit Value Country (details) Reference

Phenolics

Tannins mg TA/100 g 299 � 3.09a Colombia
(Regional 8315)

Present
study

288 � 4.50b Colombia
(Mapiria)

Present
study

Carotenoids μg/100 g 1.71 � 0.28a Colombia
(Regional 8315)

Present
study

4.72 � 0.60b Colombia
(Mapiria)

Present
study

5.24 � 0.37 Brazil
(artisanal)

[15]

5.27 � 0.04 Brazil
(industrialized)

[15]

Total
phenols

mg GAE/100 g 293 � 2.84a Colombia
(Regional 8315)

Present
study

265 � 3.88b Colombia
(Mapiria)

Present
study

97.4 � 6.65 Brazil
(artisanal)

[15]

49.8 � 0.22 Brazil
(industrialized)

[15]

118 � 3.70 Brazil
(Pacajus)

[110]

Values are expressed in means � standard deviation (n ¼ 3).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
TA: Tannic acid, GAE: Gallic Acid Equivalents. N.D.: Not Detected (under assay
conditions).
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phenolic compounds, especially in the industrialized one. Compared to
other exotic plants cultivated in Colombia, the values of total phenolics
content found in Colombian varieties are higher than pulps or edible part
of borojo (Borojoa patinoi) (41.8� 1.54 mg/100 g), peach tomato (70.9�
2.57 mg/100 g), guava (192 � 11.5 mg/100 g), and American oil palm
(Elaeis oleifera) (80.5 � 3.44 mg/100 g) [109].

In addition, carotenoids were identified in a concentration of 1.71 �
0.28 and 4.72 � 0.60 μg/100 g for Regional 8315 and Mapiria varieties,
respectively. Compared to Brazilian pulps, the carotenoid content of
Colombian varieties was lower. This result can be attributed to genotype
diversity in cashew trees cultivated in each country [95].

3.3.3. Mineral content
The results of the mineral analysis in CAB are summarized in

Table 10. Zn content in both varieties of CAB was about 9.5 mg/kg. The
content of Zn in CAB was higher in comparison to other exotic fruits such
as passion fruit pulp (3 mg/kg) [111] and lower in comparison to exotic
fruits from Africa (range of 17–191 mg/kg) [112]. The Cu content in the
Regional 8315 CAB variety (33 mg/kg) was higher than in the Mapiria
variety (26 mg/kg). Compared to the Cu content of orange (0.6 mg/kg),
pomelo (0.5 mg/kg), and lemon (0.4 mg/kg) pulps [112], with the
observed in the varieties analyzed in the present work is much higher.
Regarding Fe content, it was below the detection limit of the analytical
technique.

The mineral content that can be found in vegetable biomass depends
on the cultivation conditions, minerals in the soil and chemical products
applied during the growing process of the plant [111].

3.3.4. Chemical characterization of CAB
The chemical composition of CAB is presented in Table 11. It is

important to note that CAB contains around 7–7.5 wt. % of extractive
content that remains after juice extraction. Compared to reported CAB
characterizations, the extractive content measured in Colombian CAB
varieties fits in the range of 6.5–12 wt. %. The content of extractives
found for the Regional 8315 (7.14� 0.51%) andMapiria (7.52� 0.28%)
varieties are comparable to the data reported by Correia et al. [113] and
Silva et al. (7.3 � 0.6%) [114]. Also, the values obtained in the present
work are slightly higher than those reported by de Araujo Padilha et al.
(6.5 � 0.2%) [115], which can be attributed to differences between the
varieties. As Restrepo-Serna et al. reported, the extractive fraction can
contain bioactive compounds with antioxidant effects [116]. Neverthe-
less, the extractive content varies depending on the plant species, envi-
ronmental conditions, and specific parts. For instance, mango peel
contains around 5–10 wt. % of extractives [117], and mandarin peel
about 38 wt. % [118]. Therefore, extractive fraction should be analyzed
in future investigations to find compounds that can still be further
valorized or removed if the valorization of the remaining substances
present in CAB is desired.
Table 10. Mineral content in cashew apple bagasse from Colombian varieties.

Component Unit Value Country (details) Reference

Minerals

Zinc (Zn) mg/kg Zn
dry basis

9.41 Colombia
(Regional 8315)

Present study

9.87 Colombia
(Mapiria)

Present study

Copper (Cu) mg/kg Cu
dry basis

33.9 Colombia
(Regional 8315)

Present study

26.1 Colombia
(Mapiria)

Present study

Iron (Fe) mg/kg Fe
dry basis

<59.5 Colombia
(Regional 8315)

Present study

<59.5 Colombia
(Mapiria)

Present study
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Figure 2. Thermal analysis of Regional 8315 (orange line) and Mapiria (blue
line) varieties of cashew apple bagasse, a) TG curves, b) DTG curves.
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Ash content was approximately 1.50 wt. % and 1.48 wt. % in Regional
8315 and Mapiria varieties of CAB. Ashes are the least abundant
component in the chemical composition of the analyzed bagasse. These
values are in the range reported for other varieties, which is lower than 3
wt. %. Regarding the chemical composition of ashes, this fraction can
contain minerals such as potassium, aluminum, silicon, and magnesium
[121].

Concerning structural carbohydrates, the cellulose and hemicellulose
content in the bagasse is around 52 to 54 wt. %. Compared to other va-
rieties of CAB summarized in Table 11, the reports of structural carbo-
hydrate fraction vary in a range of 20–60 wt. %. These variations could
be attributed to genetic differences, cultivation conditions, and even
owed to the analytical techniques used. The relevance of this fraction is
due it can be hydrolyzed into fermentable sugars to produce ethanol
[120], xylitol [122], and organic acids [123], among other value-added
chemicals. Furthermore, this carbohydrate-rich biomass could be used
for biogas production through anaerobic digestion [124].

Regarding the lignin content of CAB (around 15 to 18 wt. %), it is a
substance that confers recalcitrance [125]. The lignin content found in
the present study is slightly lower than the one reported by dos Santos
Lima et al. (~23 wt. %) [119]. Lignin can also be valorized and further
used for obtaining substances such as vanillin, vanillin acid, muco-
lactone, veratric acid, and others [126].

The protein content in Colombian CAB (8.69 � 0.05 and 9.13 � 0.05
wt.%) was lower than reported by E.K.A. Kouassi et al. [11]. These var-
iations may be attributed to differences in the varieties of each CAB.
Nevertheless, since protein content was not measured in the works of
Correia et al. [113], Silva et al. [114], de Araujo Padilha et al. [115],
Rodrigues et al. [120], and dos Santos Lima et al. [119], there is limited
information on the protein content of CAB. The determination of the
protein profile in CAB is an open field of investigation. The content of
pectin obtained in our study for the Regional 8315 (11.22 � 2.58%) and
Mapiria (10.31 � 1.80%) varieties is similar to the one reported by
Kouassi et al. (~8–10%) [11]. Pectin is widely used in the formulation of
products in the pharmaceutical, cosmetic, and food sectors [127]. Then,
this compound could be recovered to be further valorized. Interestingly,
the mass closure of all identified components in this work was around
100 wt. %. Therefore, the analyses performed were able to explain the
complete composition of the bagasse. This methodology of quantification
that included HPLC could be used as a reference for vegetable biomass
characterization.

3.3.5. Thermal decomposition of CAB
The TG curve of the CAB is presented in Figure 2 a. In both varies of

CAB, the TG curves were similar in number and occurrence of weight
losses. The first loss step observed in the TG curve occurred around 100
�C, with about 5% and 9% of the total weight for Regional 8315 and
Mapiria varieties, respectively. This loss is attributable to the moisture
evaporation that remains in the sample. The second important weight
loss was observed in a range of 150 �C–250 �C with a loss of around 20%
of total initial weight for both varieties. The loss of approximately 50% of
the total weight occurred near 350 �C in both varieties of CAB. Moreover,
a remanent of around 20% of the total weight was observed after 500 �C.
The DTG curves are shown in Figure 2 b. Regarding the thermal
decomposition of CAB, it occurred in steps that can be confirmed in the
TG curve. In the first step of mass loss, the moisture and highly volatile
compounds were lost up to a temperature of around 150 �C [128]. This
moisture loss peak reported in the present study is in concordance with
the one reported by Ticiane C. de Souza et al. [129], also performed in
CAB. The study of Ticiane C. de Souza et al. was carried out until 200 �C.
Therefore, the comparison beyond this temperature is not available.
Neither any additional reported data of TG/DTG of this biomass was
available at the moment of writing this article.

In CAB, the first decomposition step was observed at temperatures in
a range of 180 �C–250 �C. In this temperature range, pectin and hemi-
cellulose are typically lost [130]. The DTG curves also showed a thick
11
peak in this range of temperature. This last indicates a decomposition of
various substances which is in concordance with the chemical composi-
tion of CAB. The second step of decomposition occurred at temperatures
between 250 �C to 400 �C. This peak is related to cellulose and lignin
degradation [128].

Additionally, the decomposition behavior under inert atmosphere
conditions corresponds to a pyrolysis process [131]. The complexity of
this biomass can be reduced with this process. After thermal decompo-
sition, about 20 wt.% of CAB corresponded to a solid pyrolytic product,
which could be a rich-carbon solid obtained from CAB. This pyrolytic
product could have high adsorption properties, which can be suitable in a
wide range of sustainable applications, for instance, increasing nutrient
availability in soils [132].

Finally, the thermal degradation of constitutive components in CAB
from Vichada's varieties was observed at 200 �C. The thermal decom-
position in agricultural residues is an important parameter in further
valorization processes. For instance, some treatments where biomass
transformation requires high temperatures are i) cooking operations
[15], ii) manufacturing of materials [128], iii) thermochemical pre-
treatments [133], and iv) pyrolysis [134].

3.4. Antioxidant activity

Table 12 presents the results of antioxidant activity. Regarding
natural juices studied in this work, the Regional 8315 and Mapiria va-
rieties presented similar values of antioxidant activity in ABTS (around
7 TEs/mL) and DPPH (around 2.5 TEs/mL) assays. The ABTS antioxi-
dant activity reported by A.C.S. De Lima et. al was 0.018 TEs/mL in a
commercial juice [12]. These differences could be attributed to clari-
fication processes performed in commercial juices that can reduce the
availability of bioactive compounds [9]. The antioxidant effect in
edible products and fruits is related to the presence of polyphenols and



Table 12. Antioxidant activity of cashew apple juice and cashew apple bagasse.

Variety origin Antioxidant activity Reference

ABTS DPPH

Cashew apple
juice1

Colombia
(Regional 8315)

7.83 � 0.80a 2.96 � 0.34a Present
study

Colombia
(Mapiria)

7.26 � 0.77a 2.83 � 0.85a Present
study

Brazil
(commercial)

0.018 N.R. [12]

Brazil
(Fortaleza)

1.73 4.07 [137]

Cashew apple
bagasse2

Colombia
(Regional 8315)

8.06 � 0.64a 335 � 3.75a Present
study

Colombia
(Mapiria)

7.17 � 0.10b 405 � 19.4b Present
study

Brazil
(commercial)

N.D. N.R. [12]

Brazil
(artisanal)

0.049 0.109 [15]

Brazil
(industrialized)

0.032 0.031 [15]

Values are expressed in means � standard deviation (n ¼ 4).
Data with the same letter are similar statistically in the Tukey test (p < 0.05).
TEs ¼ Trolox Equivalents (mmol Trolox).
N.R.: Not Reported. N.D.: Not Detected.

1 Cashew apple juice antioxidant activity expressed as TEs/mL of juice.
2 Cashew apple bagasse antioxidant activity expressed as TEs/g of bagasse on a

dry basis.
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vitamins [135]. Also, the interaction of these compounds with additives
usually added to edible products, can alter the polyphenol availability
and, therefore, the antioxidant effect [136]. Regarding the antioxidant
activity of CAB, the ABTS assay showed results (around 7–8 TEs/g) of
the same magnitude as the ones observed in juices. Contrary, the
antioxidant activity measured with the DPHH method was observed in
a range of 335–450 TEs/g.

Concerning the differences observed in antioxidant activities in
Colombian CAB, it could be explained based on the oxidation mecha-
nisms for each radical for ABTS and DPPH methods. The radical DPPH
accepts electrons or hydrogen radicals from donors [138]. In contrast, the
ABTS radical defines the scavenging of antioxidant ability by the reaction
of a strong antioxidant agent. Then, the ABTS method is based on
inhibiting the radical by one-electron oxidants [139]. Therefore, the
antioxidant activity is related to the type and properties of the poly-
phenolics, which can interact differently with free radicals, as reported
by Villa~no et al. [140].

Additionally, compared to antioxidant activities of commercial pulps
from Brazil (range of 0.03–0.1 TEs/g) [15], the differences were found in
three magnitude order below of values measured in CAB from Vichada.
This was observed for both DPPH and ABTS methods. Similar differences
were observed in CAJ, which can be related to transformation processes
that were performed in natural pulps.

The antioxidant activity in exotic fruits from Colombia was studied by
Jos�e Contreras-Calder�on et al. [141]. They reported that banana passion
fruit (144 � 1.88 μmol TEs/g), arrayana (Citrus reticulata) (48.8 � 1.40
μmol TEs/g), and cashew fruit (collected in Cúcuta, Colombia) (115 �
15.2 μmol TEs/g) presented the higher antioxidant activities among
other fruits. Compared to the measurements obtained in this work, the
antioxidant activities for Colombian varieties of CA were quite higher
(antioxidant activities in this work were expressed in mmol of Trolox).
This last indicates that the varieties of CA harvested in Vichada have high
antioxidant activities, which could be related to the presence of bioactive
compounds that can be easily recovered from this biomass, such as
ascorbic acid, tannins, and carotenes.
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4. Perspectives and future work

The results of the investigation with Regional 8315 and Mapiria va-
rieties of cashew apples that were harvested in Vichada allowed identi-
fying the potential for the valorization of this agricultural residue. The
perspectives can be summarized as follows:

i) The CAJ is a rich natural juice that can be obtained at a low price
and can be used in beverage formulations. The high concentration
of bioactive compounds related to the antioxidant activities of
edible juice could have beneficial effects on human health, and
today, this potential is not fully exploited in Colombia. Never-
theless, the identification of the substances responsible for the
high tannin and alkaloid content in CAJ presents a challenge in
the formulation of value-added products. Therefore, more studies
should be performed to characterize and quantify these
components.

ii) The CAB is rich in bioactive compounds, carbohydrates, and
pectin. It is a renewable source of valuable compounds that can be
used in multiple applications. Though, the protein profile and
fatty acid composition of CAB should be studied in detail in the
upcoming work.

iii) Under inert thermal decomposition or pyrolysis, the TGA showed
that near 20 wt.% of CAB is not decomposed (at 1000 �C). Py-
rolysis is used to produce biochar as a solid product [142].
Therefore, the production of adsorbent biochar from CAB is an
open field of investigation.

iv) Efficient and selective extractions of bioactive compounds from
residual biomass are an innovative trend. Novel and sustainable
extraction technologies such as supercriticalfluid extraction [141],
pressurized fluid extraction [142], and ultrasound-assisted
extraction [143], can be used for selective extraction of a diverse
range of bioactive compounds for food, nutraceuticals, and phar-
macologic applications. Then, the extraction and quantification of
organic acids, fatty acids, and alkaloids, which are still unknown in
cashew residues using advanced and novel techniques, should be
further investigated.

5. Conclusions

This work established the first exploratory and rigorous character-
ization of Colombian cashew apples harvested in Vichada. This agricul-
tural residue was demonstrated to be a renewable and valuable reservoir
of bioactive compounds. Additionally, pharmacological applications of
this residue can be addressed due to its high antioxidant activity. Alka-
loid identification in cashew apple revealed a challenge that requires
further analysis to characterize the alkaloids in this biomass. The solid
fraction of cashew apple is composed mainly of carbohydrates and
pectin, which can be used in multiple industrial applications. Therefore,
the cashew apple is a promissory and renewable feedstock that can be
valorized to produce a wide range of value-added products. Nevertheless,
regarding edible products from the cashew apple, the integration of
technologies that ensure the safety of food and nutraceutical products
must be considered in the valorization routes. It is important to avoid
toxic or allergic reactions in people due to the consumption of artisanal or
industrial products derived from the cashew apple owed to the presence
of tannins, alkaloids, and unknown substances.
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