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Abstract
This aim of this study was aimed to evaluate the impact of HHP (high hydrostatic pressure) pre-treatment on the drying behav-
ior of cashew slices, water adsorption isotherms, on extraction kinetic of total phenolic compounds (TPC) and antioxidant 
activity (AA). The drying kinetics were performed for cashew slices without pre-treatment (control) and pre-treated with 
200 MPa (HHP1), 350 MPa (HHP2) and 500 MPa (HHP3) at a temperature of 70 °C in an electric oven (1200 W). Drying 
kinetics experimental data were fitted using empirical and diffusive models (third type boundary condition). The kinetics of 
ultrasound-assisted (40 kHz and 132 W) extraction of total phenolic compounds (TPCs) were realized and was determined 
AA (ABTS• + , DPPH• and FRAP) and water adsorption isotherms. The application of pressure 500 MPa (HHP3) provided 
an increase in the moisture transport process, a higher drying rate and shorter process time (40%). The effective diffusivity 
ranged from 1.2546 ×  10–8  m2  min−1 (control) to 3.2045 ×  10–8  m2  min−1 (HHP3). The extraction of TPC he was higher in 
the time of 180 min, emphasis for HHP3 who presented 154.48 mg GAE 100  g−1. Higher retention percentages AA by the 
three methods were observed for the slices pre-treated (HHP3) and the adsorption isotherms which presented characteristic 
of the type II curves. Therefore, the results of this study provide information for the potential application of HHP as a dry-
ing pre- treatment.
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Practical application

High hydrostatic pressure (HHP) can improve the perfor-
mance of the drying process, minimizing thermal damage 
to the final products and promoting the improvement of 
their overall quality. This study was based on pretreatment 
with HHP, for which we investigated changes in drying 
parameters, extraction of phenolic compounds (TPC), anti-
oxidant activity (AA) and water adsorption isotherms of 
cashew. It was observed that HHP and ultrasound-assisted 
extraction had a positive effect to increase TPC extraction 
from food materials. Therefore, HHP as a pretreatment for 
convective drying of cashew is a promising technology.

Introduction

Anacardium occidentale L. is native to Brazil and wide-
spread to other tropical countries. It has relevant socioeco-
nomic importance for the North and Northeast states due 
to the production of nuts which is highly appreciated all 
over the world. The peduncle, also called cashew, repre-
sents more than 90% of the total edible parts of the fruit, 
but it is considered an industrial residue because most of 
its production deteriorates in the soil after removing the 
nut. Although the peduncle (cashew) can also be con-
sumed as juice, ice cream and other foods, only 10% of 
its production is used by the industry [1–3]. According to 
Souza et al. [4], cashew is a pseudo fruit with a short shelf 
life and very perishable having approximately 80% water 
in its composition.

Some studies with the application of conservation 
methods for cashew are available in the literature, such as: 
freeze-drying [5], convective drying [6], osmotic dehydra-
tion [7], spouted bed [8] and spray dryer [9]. Drying based 
on the use of hot air is the most widely used method to 
preserve fruits with high perishability and, consequently, 
obtain dry products [10]. However the drying process, it 
has some disadvantages, such as: high energy consumption 
which is usually provided by the use of fossil fuels or elec-
tricity which is a real problem for the process, long process 
time and decreased product quality (Gościnna et al., 2020). 
Considering the growing demand for cost reductions and 
minimal environmental impacts, different strategies are 
being studied to improve food drying, including the appli-
cation of pre-treatments [11–13].

Emerging technologies or combined methods have been 
reported as pre-treatments to optimize the drying process 
[14]. These methods offer many benefits for food pre-
treatment such as improving energy consumption and effi-
ciency, product quality, and reduction in processing time 

[15]. High hydrostatic pressure (HHP) pre-treatment is a 
non-thermal method, which has gained commercial atten-
tion in the last decade, and is used to preserve nutritional 
and organoleptic characteristics of foods [16]. According 
to Hulle & Rao [17] HHP can be applied to improve water 
mass transfer during the drying process.

HHP treatment is governed by the Le Chatelier’s princi-
ple, which implies that reactions or phase transitions asso-
ciated with a decrease of volume are favoured, while reac-
tions accompanied with a volume in-crease are inhibited. 
HHP units consist of a horizontal HP vessel and an external 
pressure generating device. The pressure is transmitted uni-
formly and instantaneously throughout the food system inde-
pendent of its geometry and size. In general, small molecules 
like vitamins, minerals and aroma compounds are slightly 
affected under HHP process because no covalent bonds are 
split [18]. Furthermore, HHP has been used to extract bioac-
tive compounds in some food matrices, being even denomi-
nated as “high hydrostatic pressure extraction” [19].

This pre-treatment can be used at different pressures rang-
ing from 100 to 1000 MPa, with a range of applications com-
prising the pharmaceutical, metallurgical and food industries 
[20]. However, there are no studies reporting drying using 
high hydrostatic pressure (HHP) pre-treatment of cashew, 
this demonstrates the need for drying studies with innova-
tive pre-treatment techniques. Therefore, this work aimed 
to evaluate the impact of high hydrostatic pressure pre-
treatment (200–500 MPa) on the drying behavior of cashew 
slices at 70 ºC, on kinetic of ultrasound-assisted extraction of 
total phenolic compounds (TPC), antioxidant activity (AA) 
and water adsorption isotherms.

Materials and methods

Ripe cashew (Anacardium occidentale L.) was supplied by 
the Central Supply and Agricultural Services (CEASA). 
Cleaning and sanitizing were performed using an aqueous 
solution of sodium hypochlorite with a concentration of 
200 mg  L−1 of free chlorine for 15 min and then rinsed with 
running water. A stainless-steel knife was used to cut the 
cashew slices, and a digital caliper was used to guarantee 
that the cashew slices had a thickness of 5.0 mm (consider-
ing the geometry of a slab). The cashew slices presented an 
initial moisture content of 93.34% wet basis.

Pre‑treatment

Cashew slices (5 mm thickness) were subjected to high 
hydrostatic pressure (HHP) pre-treatment following the 
procedure of Yucel et al. [21], Zhang et al. [22] and Zhang 
et al. [23]. Briefly, 300 g of cashew slices were packed in 
low density polyethylene bags before being placed in the 



1035Impact of high hydrostatic pressure (HHP) pre‑treatment drying cashew (Anacardium…

1 3

1 L chamber of a high hydrostatic pressure equipment 
(Hiperbaric SA, Burgos). The slices were subjected to high 
hydrostatic pressure (HHP) pre-treatment at a temperature of 
25 °C, at pressures of 200 MPa (HHP1), 350 MPa (HHP2) 
and 500 MPa (HHP3), for 5 min (conditions defined by [20]. 
The slices without the HHP pre-treatment were taken as the 
control sample.

Drying kinetics

In triplicate, drying kinetics was performed for cashew slices 
(5 mm thickness) without pre-treatment (Control) and for 
slices submitted to pre-treatments of high hydrostatic pres-
sure (HHP1, HHP2 and HHP3). The circular cashew slices 
(300 g) were uniformly distributed on metallic trays (dimen-
sions of 15 × 30 cm) and drying was performed using a 
1200 W electric oven (Semp Easy, model FO3015PR2) with 
dimensions 25 × 41.5 × 32.2 cm. The drying temperature 
used was 70 °C, and the temperature was controlled using a 
thermostat (conditions defines in preliminary experiments, 
data not shown). The moisture ratio of the drying process 
was calculated by Method No. 1934, [24]. The moisture loss 
was recorded by using a digital balance of 0.001 g accuracy 
(Bel, model M214AIH, São Paulo), drying process was con-
tinued until the constant reading of mass (equilibrium) was 
recorded for all cases.

Empirical models

The empirical functions of Lewis [25], Page [26], Henderson 
and Pabis [26], and Silva et alii [27] were adjusted to the 
experimental data sets by non-linear regression using LAB 
Fit software [28] which made it possible to determine the 
drying curves as a function of time. The results from the 
empirical models were evaluated and compared using the 
chi-squared ( �2 ) and the coefficient of determination  (R2).

Diffusion model

The drying process of cashew slices under different condi-
tions of study was described by a diffusion model, adjusted 
to the experimental data, considering the cashew slices as 
having the geometry of an infinite slab. According Santos 
et al. [29], when considering that the cashew slices are 
homogeneous and isotropic and that the convection mass 
transfer coefficient and the effective diffusion are constant 
throughout the drying process, the boundary condition of the 
third type can be used to solve the diffusion equation. For 
the third type boundary conditions, the analytical solution of 
the diffusion equation is given by the series shown in Eq. 1 
[30] in which only the first sixteens terms of the infinite 
series were used:

where, L is the thickness of the infinite slab,  Def is the effec-
tive mass diffusivity, and t is the drying time. The Bn coef-
ficient is determined using Eq. 2.

where, Bi is the mass transfer Biot number given by Eq. 3:

The parameter h is the convective mass transfer coeffi-
cient. On the following Eqs. 1, 2, and 3. The �n are the roots 
of the transcendental Eq. 4 which is the characteristic equa-
tion of the infinite slab.

The Eq. 1 was fitted to the experimental data using the 
optimization protocol proposed by Silva et al. [31]. Once 
the process parameters for the diffusive model were deter-
mined, the moisture distribution at a given moment can be 
determined according to Eq. 5 [13].

where, An is given by Eq. 6:

Extraction kinetics of total phenolic compounds

The kinetics of extraction of total phenolic compounds 
(TPC) were performed for fresh cashew slices, control and 
for those submitted to pre-treatments (HHP1, HHP2 and 
HHP3). The extraction procedure was assisted by ultrasound 
with indirect contact at a frequency of 40 kHz and power of 
132 W (Unique, USC-2850A, Brazil), aqueous extracts were 
prepared in a 1:10 ratio (cashew:water), and 1 mL aliquots 
were withdrawals every 20 min for 180 min.

The TPC in the extracts was quantified by the spectro-
photometric method with Folin-Ciocalteu by following 
the methodology of Osae et al. [15]. The absorbance was 
measured at 760 nm in a SP-2000 UV spectrophotometer 
(Spectrum, Shanghai, China), and the results expressed as 
mg of gallic acid equivalents (GAE) 100  g−1. Standard gal-
lic acid solutions (6.25–100 mg  mL−1 of gallic acid) were 
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used to develop the standard curve  (R2 = 0.984). The results 
obtained for extracting TPC from cashew slices under differ-
ent conditions were fitted using an empirical function f (t, a, 
b) with two adjustment parameters, choosing the empirical 
equation obtained by the Peleg model (Eq. 7) [29, 32].

where: f is the content of total phenolic compounds (TPC); 
“a” and “b” are model parameters and t is the extraction 
time.

The fitting of the empirical equation to the experimental 
data was performed using the computer program LAB Fit 
software [28], in addition, the coefficient of determination 
 (R2) and the chi-square function ( �2).

Antioxidant activity (AA)

The antioxidant determination was performed by the meth-
ods: ABTS• + (2,2’ – AZINO-BIS (3-ethylbenzo-thiazoline-
6-sulfonic acid)), DPPH• (1,1‐diphenyl‐2‐picrylhydrazyl) 
e FRAP (Ferric reducing antioxidant power capacity). The 
antioxidant activity (ABTS• +) was determined using the 
method proposed by Re et al. [33] with modifications made 
by Rufino et al. [34]. Briefly, 30 µL aliquot of the extract was 
mixed with 3.0 mL of the ABTSº + radical. Absorbance was 
determined at 734 nm after 6 min of mixing. The result was 
expressed in µM trolox/g. The antioxidant activity of DPPH• 
was performed according to the methodology described 
by Maria do Socorro et al. [35] with adaptations. Briefly, 
0.1 mL aliquots of the extract were mixed with 3.9 mL of 
DPPH (0.06 mmol/L). The absorbances of the samples were 
read at 515 nm every minute until stabilization. The result 
was expressed as percentage inhibition of DPPH (Inhibition 
(%)). The FRAP assay was performed according to method 
of Benzie and Strain [36]. Briefly, 90 mL aliquots of the 
extract were mixed with 270 mL of deionized water and 
2.7 mL of FRAP reagent. The solutions were homogenized 
and kept in a water bath at 37 °C for 30 min. Absorbance 
was determined at 595 nm. The result was expressed as µM 
 Fe2+/g.

Water adsorption isotherms

The cashew slices dried water adsorption isotherms (equilib-
rium water content versus water activity) were determined 
at 25 °C. The equilibrium water content (Xeq), expressed 
in percentage (%), on a dry basis, and was determined by 
the ratio between the water mass and the dry mass of the 
samples. Five mathematical models Peleg [37], GAB [38], 
Oswin [39] and Lang Steinberg Smith [40] were adjusted 
to the experimental data. In literature, these models have 
been successfully applied to describe the water adsorption 

(7)f =
t

(a + b × t)

isotherms of different food products. The results of the 
adjusted models to the experimental data for the water 
adsorption isotherms were evaluated using the determination 
coefficient  (R2) and the mean percentage deviations (P) [41].

Statistical analysis

It was performed using Assistant beta 7.7 software (available 
as freeware from: http:// www. assis tat. com). Experiments 
were carried out with three repetitions (n = 3). Statistical 
significance (p < 0.05) was established by One-way ANOVA 
with Tukey’s HSD post hoc test.

Results and discussion

Drying kinetics and empirical models

To evaluate the effect the different pressures applied, ini-
tially the moisture data obtained in the drying process were 
converted into moisture ratio and the empirical mathematical 
models listed were adjusted to the data obtained experimen-
tally. Table 1 shows the values obtained for the parameters 
of the adjusted mathematical models. The mathematical 
models of Page and de Silva et alii showed coefficient of 
determination  (R2) values greater than 0.99 for all tested 
conditions. However, only the Silva et alii model had values 
low of the chi-square function ( �2 ) in the order of  10–2 for 
all applied pressures which increases the confidence level of 
the adjustment. Based on these results, the model by Silva 
et alii was chosen as the best model to represent the drying 
of cashew slices under the different conditions studied. Thus, 
the moisture content at any time during the drying process 
can be reliably estimated using this model.

Figure 1 shows the drying kinetic curves for all conditions 
studied, adjusted to the model by Silva et alii. The total dry-
ing time of the control slices (without HHP) was about 5 h 
longer than the time of the slices pre-treated with HHP3 rep-
resenting a reduction in processing time of 40%. However, 
when comparing the control slices with those pre-treated 
with HHP1 and HHP2, there was a reduction in process time 
of 16% and 32%, respectively. The significant effect pre-
treatment with HHP on the drying curves is very clear where 
the drying time presented a decreasing behavior. Application 
of HHP causes permeabilization of the cell structure because 
of the cell disintegration, which leads to significant changes 
in the tissue structure resulting increased mass transfer rates 
and time drying reduced [42].

According to Almeida et al. (2021) a good approximation 
from empirical mathematical models is crucial to represent 
the drying rate curves using the derivative of these mod-
els. Therefore, the drying rates calculated by the derivative 
of the empirical model of Silva et alii are shown in Fig. 2. 

http://www.assistat.com
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The results showed that the drying rate is proportional to 
water content since higher values   were obtained in the ini-
tial moments of the process where the product had higher 
water content values. However, when the drying rate has 
zero value, water content decrease can be verified from 
start to finish of the process and an equilibrium condition 
is, in fact, reached. The results also showed that higher 
drying rates are linked to the slices pre-treated with HHP 
(HHP3 > HHP2 > HHP1 > Control). Same behavior was also 
observed in drying process of fruits as: green plums pre-
treated with HHP (pressure ranging from 50 to 400 MPa) 
[42] and papaya [43], nectarine [44], guava [45] and straw-
berries [46], submitted different pre-treatments non-thermal.

Diffusion model

The effective diffusivity coefficient (Def), the convective 
mass transfer coefficient (h) and the Biot number (Bi) of 
the cashew slices pre-treated under different pressures 

(200-500 MPa) were determined by simulation (see Diffu-
sion model section) and the results are shown in Table 2. 
The diffusion model and boundary condition of the third 
type are suitable for the drying kinetics of the cashew slices 
control and pre-treated with HHP. The chi-square function 
( �2 ) showed low values, in the order of  10–2 and  10–3, and 
the coefficient of determination  (R2) had values greater than 
0.99 for every condition.

The cashew slices that were not pre-treated (control) had 
an effective diffusivity (Def) of 1.2546 ×  10–8  m2   min−1. 
However, it was observed that the application of HHP3 pro-
vided an increase in diffusivity effective to 3.2045 ×  10–8 
 m2  min−1, proving the drying time reduction in the elec-
tric oven. The increase in these values corresponds to the 
increase in the drying rate (Fig. 2B). According Verma et al. 
[47], HHP pre-treatment provides exposure of new surfaces 
further increasing mass transfer.

It can also be observed (Table 2) the convective mass 
transfer coefficient (h) had a behavior similar to the effective 

Table 1  Parameters of the adjustment empirical mathematical models drying slices of cashew control (without pre-treatment) and pre-treated 
with high hydrostatic pressure (HHP1, HHP2 and HHP3)

“a” and “b” are the equations parameters;  R2: coefficient of determination; �2 : chi-squared function; HHP1: 200 MPa; HHP2: 350 MPa; HHP3: 
500 MPa.

Lewis

Conditions a b R2
�
2

Control 0.382 ×  10–2 - 0.991 0.356 ×  10–1

HHP1 0.530 ×  10–2 - 0.990 0.408 ×  10–1

HHP2 0.791 ×  10–2 - 0.989 0.466 ×  10–1

HHP3 0.119 ×  10–1 - 0.994 0.220 ×  10–1

Page

Conditions a b R2
�
2

Control 0.658 ×  10–2 0.902 0.990 0.279 ×  10–1

HHP1 0.118 ×  10–1 0.844 0.992 0.199 ×  10–1

HHP2 0.233 ×  10–1 0.787 0.996 0.728 ×  10–2

HHP3 0.237 ×  10–1 0.834 0.998 0.397 ×  10–2

Henderson and Pabis

Condition a b R2
�
2

Control 0.952 0.354 ×  10–2 0.993 0.192 ×  10–1

HHP1 0.937 0.474 ×  10–2 0.992 0.170 ×  10–1

HHP2 0.926 0.681 ×  10–2 0.988 0.220 ×  10–1

HHP3 0.954 0.108 ×  10–1 0.993 0.151 ×  10–1

Silva et alii

Conditions a b R2
�
2

Control 0.307 ×  10–2 0.114 ×  10–1 0.992 0.216 ×  10–2

HHP1 0.373 ×  10–2 0.194 ×  10–1 0.994 0.139 ×  10–2

HHP2 0.461 ×  10–2 0.316 ×  10–1 0.996 0.694 ×  10–2

HHP3 0.810 ×  10–2 0.387 ×  10–1 0.997 0.653 ×  10–2
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diffusivity, increasing its values from 2.3839 ×  10–5 m  min−1 
(control)  to  4 .9340 ×  10–5;  9 .1330 ×  10–5 and 
11.0346 ×  10–5 m  min−1 for the slices pre-treated by HHP1, 
HHP2 and HHP3, respectively. In accordance to Ferreira 
et al. [48] the results obtained can serve as starting values 
for optimization processes regarding mass transport proper-
ties (Def e h) that involve a more realistic description of the 

drying process physics of cashew slices. It could be such 
as those using models rescue from numerical solutions of 
the diffusion equation that affect deformations by contrac-
tion and/or compositional variation (moisture content) on 
transport phenomena.

The values of the number of Biot (Bi) (4.75–16.00), 
obtained under different pre-treatment pressures, reveal a 
resistance to mass flow (water) on the surface of the samples. 
Therefore, they show that the solution of the diffusion equa-
tion can be adequate to describe the drying process. For that, 
it should be considered a boundary condition of the third 
type, even with limitations, and should not be considered the 
variation in the product dimensions and the non-linearities 
of the thermophysical properties [49].

It should also be inferred that the largest truncation error 
of the infinite series given by Eq. (1) occurs for t = 0 and 
this error varies according to the Biot number referred to 
drying [50]. To define the number of terms (nt) to be used in 
Eq. (1), the study by Silva et al. [50] was taken into account. 
These researchers observed that, for Bi = 0.001, only 1 term 
is needed to obtain X*(0) = 1.0 which is the expected value. 
On the other hand, when the number of Biot increases, the 
truncation error increases significantly. Thus, it is neces-
sary to significantly increase the number of terms in the 
series to obtain negligible or at least acceptable truncation 
errors [48]. Once the process parameters for the diffusion 
model were set, the moisture distribution at a given time t 
was determined by solving the x-position dependent diffu-
sion equation, with the origin established at the center of the 
cashew slice thickness dimensions.

In Fig. 3, it is possible to see the distribution of moisture 
content inside the cashew slices (control) and pre-treated 
with different pressures HHP. The one-dimensional domain 
(thickness) was divided into 100 parts, and the x coordi-
nate of the center point of each part was replaced by Eq. (5) 
which allowed the moisture content determination of each 
of these 100 parts along the x direction (thickness). Over 
a period of 60 min, the dimensionless moisture content is 
quite variable for all conditions, being more pronounced in 
the pre-treatment with HHP3. It means that the effective dif-
fusivity is greater in the drying of slices subjected to HHP3 
as predicted by the model shown in Table 2, not promot-
ing the formation of a high-water gradient in the sample. 
Consequently, it made for a shorter and more homogeneous 
drying process. Furthermore, it is also possible to observe 
that this model allows determining the internal stress of food 
materials [51].

Extraction kinetics of total phenolic compounds 
(TPC)

Phenolic compounds are abundant secondary metabolites in 
most fruits and vegetables and have in common an aromatic 

Fig. 1  Drying kinetics simulations at 70 °C of cashew slices without 
pre-treatment (control) and pre-treated with high hydrostatic pressure 
(HHP1, HHP2 and HHP3), using at empirical model Silva et alii

Fig. 2  Drying rate of dried cashew slices without pre-treatment (con-
trol) and pre-treated with high hydrostatic pressure (HHP1, HHP2 
and HHP3), determined using the model of Silva et alii
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benzene ring with one or two hydroxyl group substitutions 
[52]. Table 3 shows the values obtained for the Peleg model 
adjusted to the experimental data of the kinetics of ultra-
sound assisted TPC extraction from fresh and dehydrated 
cashew slices under different conditions, in addition to the 
statistical parameters, coefficient of determination  (R2) and 
chi-square function ( �2).

The coefficients of determination  (R2) found were higher 
than  (R2 > 0.97) and ranged from 0.977 to 0.991 and the val-
ues of the chi-square function ( �2 ) were in the order of  102 
(1.852 ×  102 ≤ �2 ≤ 5.401 ×  102). This information indicated 

that the Peleg’s model presents a good fitting to the experi-
mental data of the TPC extraction kinetics and proved to be 
adequate to describe the process. According by Santos et al. 
[29], Peleg's model can be interpreted as an equation that 
results from the second-order concentration rate law, mak-
ing it possible to give a physical meaning to the parameters 
obtained by curve fitting. Peleg's model also proved to be 
suitable for extracting TPC from apple cubes [53], citrus 
industry residues [54] and cornelian cherry [55].

It can be seen in Fig. 4 that the highest concentrations 
of TPC were reached in the time of 180 min of extraction 
for all conditions studied, in which they presented values of 
197.76 mg GAE 100  g−1 (Fresh), 105.13 mg GAE 100  g−1 
(Control), 111.82 mg GAE 100   g−1 (HHP1), 119.76 mg 
GAE 100  g−1 (HHP2) and 154.48 mg GAE 100  g−1 (HHP3). 
According to Babotă et al. [56], this efficiency of longer 
extraction time comes from acoustic cavitation, which is 
the main process involved in ultrasound assisted extraction, 
inducing secondary changes in plant material through frag-
mentation, localized erosion, pore formation or shear forces. 
All these factors increase the breakdown of cell walls, 
increasing the contact of extractable compounds with the 
solvent and their partition in the extraction environments.

It can also be seen in Fig. 4 the effect of pre-treatment 
with HHP, in which the pre-treated samples showed higher 
TPC values compared to the control sample. Highlight 
for HHP 3, which showed lower TPC degradation. These 

Table 2  Effective diffusivity (Def), convective mass transfer coef-
ficient (h), Biot number (Bi), coefficient of determination  (R2) and 
chi-square function ( �2 ) obtained in drying slices of cashew control 

(without pre-treatment) and pre-treated with high hydrostatic pressure 
(HHP1, HHP2 and HHP3)

Def: effective diffusivity; h: convective mass transfer coefficient; Bi: Biot number;  R2: coefficient of determination;�2 : chi-squared function; 
HHP1: 200 MPa; HHP2: 350 MPa; HHP3: 500 MPa.

Condition Def  (m2  min−1) h (m  min−1) Bi R2
�
2

Control 1.2546 ×  10–8 2.3839 ×  10–5 4.75 0.9927 2.0054 ×  10–2

HHP1 1.3708 ×  10–8 4.9340 ×  10–5 9.00 0.9956 1.0991 ×  10–2

HHP2 1.7241 ×  10–8 9.1330 ×  10–5 16.00 0.9964 6.8184 ×  10–3

HHP3 3.2045 ×  10–8 11.0346 ×  10–5 7.12 0.9959 7.9319 ×  10–3

Fig. 3  Moisture distribution 
on the infinite slab of cashew 
slices control and pre-treated 
with high hydrostatic pressure 
(HHP1, HHP2 and HHP3) with 
an initial thickness of 5.0 mm, 
at 60 min and at 70 °C

Table 3  Parameters of the adjustment of the Peleg model to the 
experimental data of ultrasound-assisted extraction of total phenolic 
compounds (TPC) from cashew slices fresh, control (without pre-
treatment) and pre-treated with high hydrostatic pressure (HHP1, 
HHP2 and HHP3) and statistical parameters

“a” and “b”: Peleg's model parameters;  R2: Coefficient of determi-
nation; �2 : Chi-square; HHP1: 200  MPa; HHP2: 350  MPa; HHP3: 
500 MPa.

Conditions a b R2
�
2

Fresh 0.326 0.327 ×  10–2 0.991 3.563 ×  102

Control 1.215 0.294 ×  10–2 0.984 1.872 ×  102

HHP1 0.837 0.443 ×  10–2 0.983 2.093 ×  102

HHP2 0.562 0.533 ×  10–2 0.986 1.852 ×  102

HHP3 0.541 0.355 ×  10–2 0.977 5.401 ×  102
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results concluded that HHP efficiently improves TPC extrac-
tion from cashew slices. Similar effects were evidenced by 
Casazza et al. [57], Eroman Unni et al. [58] and Park et al. 
[59] in their studies, where they reported that the applica-
tion of HHP also promoted higher levels of TPC. This can 
be explained by the fact that HHP contributes to the physical 
destruction of plant tissue and causes changes in cell wall 
permeability, promoting the extraction of intracellular com-
pounds and increasing the bioavailability of phytonutrient 
yield [60], Park et al. al., [59]. According to Zhao et al. [61], 
HHP at pressures ranging from 200 to 600 MPa at moderate 
temperatures shows promise for preserving TPC and AA in 
fruits and vegetables.

According to the results of Table 3 and Fig. 4, it is evident 
that Peleg's model can adequately describe the experimental 
data and can be used to predict TPC levels throughout the 
extraction process.

Antioxidant activity (AA)

According Dede et al. [62], antioxidant activity is related to 
the antioxidant vitamins, carotenoids and polyphenol con-
tents of fruits and vegetable products. Table 4 shows the 
values obtained for antioxidant activity by the ABTS• + , 
DPPH• and FRAP methods of fresh and dehydrated cashew 
slices. Drying at 70 ºC negatively affected the antioxidant 
activity of the dehydrated cashew slices, in which, reduc-
tions of 43%, 40% and 49% for the ABTS• + (9.695 µM 
trolox/g), DPPH• (16.364%) and FRAP (11.325 µM  Fe2+/g) 
respectively, were achieved when comparing the control 

slices (without pre-treatment with HHP) with the fresh 
slices.

The application of different pressures of HHP 
(200–500 MPa) were effective in minimizing the reduction 
of the antioxidant activity of the dehydrated cashew slices. 
In this study, a positive correlation was found between pre-
treatment and antioxidant activity, since samples HHP1, 
HHP2 and HHP3 showed higher values than the control 
treatment. However, there was no statistical difference 
(p > 0.05) between samples pre-treated with HHP1 and 
HHP2 which were only higher when compared to the con-
trol treatment. The pre-treatment HHP3 was the most effi-
cient, reducing the AA by only 23%, 16% and 12% for the 
ABTS• + (13.016 µM trolox/g), DPPH• (23.059%) e FRAP 
(19. 456 µM  Fe2+/g), respectively, when compared to fresh 
cashew slices.

This same behavior was also observed by Zhang et al. 
[63], in which the application of pressure 250 MPa increased 
the rate of free radical scavenging and by Torres-Ossandón 
et al. [52], where the retention of antioxidant activity signifi-
cantly ncreased in the treatment with HHP above 300 MPa. 
Therefore, pre-treatment HHP3 had a significant positive 
effect in reducing the degradation of antioxidant proper-
ties of cashew slices. It is also believed that this behavior 
is directly related to that observed in the TPC (Fig. 4), as 
a result of the higher extraction achieved by the treatment 
HHP3.

Water adsorption isotherms

Table 5 presents the results obtained by fitting different 
mathematical models to the experimental data of water 
adsorption isotherms of cashew slices control and pre-treated 
with HHP at different pressures, as well as the coefficient of 
determination  (R2) and the mean relative error (P%). The 
criteria for selecting the best model were the lowest P% and 

Fig. 4  Extraction kinetics of total phenolic compounds (TPCs) 
described by Peleg's model of cashew slices under the conditions 
fresh and dried (control, HHP1, HHP2 and HHP3)

Table 4  Antioxidant activity (AA) determined by methods 
(ABTS• + , DPPH• and FRAP) of fresh and dried slices of cashew 
control (without pre-treatment) and pre-treated with high hydrostatic 
pressure (HHP1, HHP2 and HHP3)

Equal superscript letters in the same column do not differ signifi-
cantly at 0.05 probability level. Unity: 1  µM trolox/g; 2 percentage 
inhibition of DPPH (Inhibition (%)); 3 µM  Fe2+/g; Control: samples 
without pre-treatment; HHP1: 200  MPa; HHP2: 350  MPa; HHP3: 
500 MPa

Conditions 1ABTS• + 2DPPH• 3FRAP

Fresh 16.964 ± 0.985 27.501 ± 0.847 22.112 ± 0.254
Control 9.695c ± 0.235 16.364c ± 0.258 11.325c ± 0.133
HHP1 11.723b ± 0.365 19.751b ± 0.352 14.621b ± 0.150
HHP2 12.137b ± 0.101 20.178b ± 0.278 15.066b ± 0.299
HHP3 13.016a ± 0.351 23.059a ± 0.366 19.456a ± 0.157
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the highest  R2. In this sense, the modeling results reported 
that the GAB model provided a satisfactory description of 
the water adsorption behavior with values of the coefficient 
of determination greater than 0.99  (R2 > 0.99) for all condi-
tions studied and the lowest percentages of mean relative 
error, ranging from 0.936 to 1.746%. In the case of the other 
adjusted models [37], [39], [40], when jointly evaluating the 
statistical parameters  (R2 and P%), it is observed that they 
did not reflect a close agreement between the experimental 
data and estimated adsorption and should not be chosen to 
represent the hygroscopic behavior of the material under 
study.

The parameter  Xm of the GAB model presented values   in 
the range of 7.801 to 25.011 when the pressure was increased 
from 200 to 500 MPa. According to Collazos-Escobar et al. 
[64], this parameter provides an estimate of the moisture 
content of the monolayer, which can be considered useful to 
guarantees stability during the storage fo material. Parame-
ters C and K also showed a behavior defined according to the 
increase in pre-treatment pressure with HHP, presenting values   

in the range of 2.058 to 2.644 and 0.981 to 0.789, respec-
tively. According to Lewicki [65] K values   within the range of 
(0.24 ≤ K ≤ 1) also indicate a good fitting of the model to the 
experimental data. According to Zabalaga & Carballo [66], 
the results obtained in this study are important for predicting 
shelf life stability, which involves changes in humidity that 
may occur during storage and, therefore, is useful for the selec-
tion of packaging materials.

The goodness of fitting of the GAB model is illustrated 
in Fig. 5, in which the modeling and experimental results 
are plotted together. Higher levels of equilibrium water are 
observed with an increase in the pressure of the HHP, Al-
Muhtaseb et al. [67] associates this fact with the low molecular 
weight food constituents (sugars) present in dehydrated cash-
ews, which become more hygroscopic. According to the clas-
sification proposed by Brunauer et al. [68], the shape of the 
water adsorption isotherms of cahsew slices estimated using 
the GAB model (Fig. 5) is characteristic of type II curves 
(0 < K ≤ 1 and C ≥ 1) [69].

Table 5  Parameters of the adsorption isotherm models fitted to the 
experimental data of dried cashew slice with their respective coef-
ficients of determination  (R2) and mean relative errors (P%) in the 

samples control (without pre-treatment) and pre-treated with high 
hydrostatic pressure (HHP1, HHP2 and HHP3)

Xm is the water content in the molecular monolayer; C, K is the parameters that depend on the temperature and the nature of the product; a, b 
is the model parameters and  k1,  k2,  n1,  n2 is the model constants; Control: samples without pre-treatment; HHP1: 200 MPa; HHP2: 350 MPa; 
HHP3: 500 MPa

Model Samples Parameters R2 P (%)

K1 n1 K2 n2

Peleg Control 128.391 13.042 36.161 1.739 0.976 14.206
HHP1 27.929 1.137 76.528 6.345 0.998 12.488
HHP2 67.791 7.096 39.977 1.202 0.989 6.140
HHP3 79.621 3.119 17.948 0.229 0.998 6.703

Samples Xm C K - R2 P (%)

GAB Control 7.801 2.058 0.981 - 0.999 1.664
HHP1 14.821 1.309 0.894 - 0.999 0.936
HHP2 15.253 2.287 0.885 - 0.999 1.149
HHP3 25.021 2.644 0.789 - 0.999 1.746

Samples a b - - R2 P (%)

Oswin Control 10.187 0.825 - - 0.999 1.372
HHP1 14.933 0.673 - - 0.995 15.351
HHP2 18.228 0.611 - - 0.997 11.679
HHP3 27.371 0.469 - - 0.986 20.763

Samples c1 b1 - - R2 P (%)

Lang Steinberg Smith Control -7.492 27.535 - - 0.977 5.179
HHP1 -4.978 28.876 - - 0.993 13.325
HHP2 -1.997 29.188 - - 0.997 9.386
HHP3 4.699 30.994 - - 0.996 11.409
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Conclusion

HHP pre-treatment evaluated in this research can be con-
sidered adequate for drying cashew slices. Slices dried at 
70 ºC and pre-treated HHP3 showed greater reduction in 
total drying time (40%), compared to control and the empiri-
cal mathematical model by Silva et alii. was the best to rep-
resent drying. Furthermore, the pre-treatment HHP3 had the 
highest effective diffusivity (3.2045 ×  10–8  m2  min−1) and 
highest mass transfer coefficient (11.0346 ×  10–5 m  min−1). 
The use of ultrasound was efficient in the TPC extraction 
process, however, maximum TPC values were quantified at 
180 min, where highest retention of these compounds was 
observed for HHP3 who also presented higher values for 
AA for all tested methods (ABTS• + , DPPH• and FRAP). 
The adsorption isotherms were satisfactorily modeled by the 
GAB model, which presented characteristic of the type II 
curves. Therefore, pre-treatment with HHP can be consid-
ered as a potential alternative to thermal food processing.
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