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Abstract: This study aims to determine thermal and rheological properties of blended cashew apple juice (cajuina), nectar,
and pulp. The effects of temperature on rheological properties were evaluated and the behavior was adjusted to rheological
models. Comparing the thermal properties of cashew products, cajuina showed lower density, and higher values of thermal
conductivity, thermal diffusivity and specific heat. Equations providing these properties in function of temperature were
obtained, and presented good fits. Cajuina and cashew apple pulp were well characterized by the Ostwald-de-Waelle and
Hershel-Bulkley models, respectively, while for cashew apple nectar, two behaviors were observed depending on the

temperature used.
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1. Introduction

Cashew nut tree (Anacardium occidentale L.) from the
Anacardiaceae family is considered one of the most
economical important cultures in the Northeast of Brazil, in
which Rio Grande do Norte is the state with the fourth
highest production with 45.768 tons/year, in 126.198 hectares
cultivated [1].

The pseudo fruit of cashew tree, the cashew apple, is rich
in vitamins, tannin, mineral salts, organic acids and
carbohydrate, which makes it an important food for daily
consumption [2-4]. Due to the fact that different parts of the
plant can be used for human consumption with highly
nutritive properties, the production and consumption of this
species present vast applications. The true fruit of this species
is a type of almond, an oily almond greatly consumed in the
internal and external markets. This is considered the main
part of the plant in socio-economical terms. The cashew
apple is a juicy and fibrous part of the plant that is consumed
in nature as a juice or for the processing of soft drinks,
alcoholic drinks, sweets, ice cream and others [5]. The
production of cashew apples in the Northeast Region is
estimated at about 2.5 million of tons/year, although only

15% of the total is used industrially. The 85% of the
production that is wasted presents high potential to be used
for other products [6].

One of the by-products that is gaining prominence is the
blended cashew apple juice called cajuina. This is a non-
artificially sweetened drink that undergoes a clarification
process and a specific thermal treatment in order to acquire
its own organoleptic characteristics. Cajuina is a product with
yellow amber color, highly appreciated due to its
characteristic taste and high vitamin C source [7, 8]. Due to
the profile of this product there is a potential for exporting it,
however the industrial processing is still recent. In parallel,
for the processing in ideal industrial conditions, the
knowledge of thermal and rheological properties of this fluid
is essential for the control and optimization of the process.

In general, the industrial processes of cajuina, nectars and
pulps use heat treatments and also cooling [9, 10]. In these
processes, the study of the influence of temperature on the
rheological behavior of these products is relevant. In this
way, the need for knowledge of the thermal and rheological
properties of tropical fruits has been studying by some
authors [11, 12]. Generally, these properties help to assess the
stability of food in relation to temperature rise and shear of
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time. However, there is a lack of data on the thermal and
rheological properties for cashew apple products in literature.

Facing the needs for more knowledge of the
characteristics and benefits of cashew tree by-products, this
study aims to characterize and analyze the thermal and
rheological properties of cajuina, nectar and pulp.
Furthermore, physical characteristics (pH, total acidity, °Brix,
water activity), as well as condensed tannin and vitamin C
contents were also determined.

2. Materials and Methods

2.1. Preparation of Material

Cajuina  was obtained in a laboratory following
methodology described by Silva Neto et al. [10] using the
juice extracted from the appendicular fruit that was acquired
in local markets, originally from producers from the
Northeast of Brazil. The previous work [13], which used the
same raw material, it was observed that the different lots of
the raw material from the same region (Northeast of Brazil)
do no influenced the results of the work. Cashew apple nectar
and pulp used in this study were those from ‘Marata and
Nordest fruit’ brand. Cajuina and nectar were kept under
refrigeration at 10°C, at pulps -18°C, at the moment of
analysis. The pulps were defrosted at room temperature
24°C. Before the analysis, samples were not diluted and
homogenized at room temperature 24°C.

2.2. Characterization of the Cashew by-Products

Cashew by-products were characterized regarding the
physical-chemical properties:
a) pH: The analysis was performed using approximately 5
grams of sample. After shaking the sample for 10
minutes, the probe was inserted in the sample for the

pH determination (MS TECNOPON, mA210,
Piracicaba / SP, Brazil).
b) Total Acidity: For this analysis, it was used

approximately 1 or 5 grams of sample in 10 or 50 mL
of distilled water at room temperature. After shaking
the sample for 10 minutes, that samples were titrated
with NaOH (VETEC, lot 1009504, cod 00113708)
0.1N, using phenolphthalein (NEON, lot 6711) as an
indicator acid, according to the methodology of IAL
[14]. With the volume of NaOH spent in the titration, it
was possible to determine the acidity of the samples,
expressed as g of citric acid in 100 g of juice, through
Equation (1).

NV a0t 100

mc

Acid (%) = (1)
Where N is the normality of the solution, Vj,om 1s the
volume of NaOH, m is the mass of solution or sample and ¢
is the correction for NaOH solution (0.1N equivalent ¢ = 10).
c) Water Activity (Aw): 5 mL of sample were inserted in
Aqualab - Braseq (Model: S3TE, Series n° TE 8248,

Jarinu/SP, Brazil) unit, and the water activity was
determined at 25 £ 0.1°C.

d) °Brix: The analysis of total soluble solids was made in
the ABBE digital refractometer (ABBE, RTA-101,
Piracicaba/SP, Brazil) with the appropriate sample at
25 +£0.5°C.

The cashew products were also evaluated regarding the
condensed tannins and vitamin C contents that are the
compounds most represented in this fruit.

e) Condensed tannin determination was performed
through  vanillin  reaction using concentrated
hydrochloric acid (Proquimios, lot 11/0314, 37%)
diluted in methanol (J. T. Baker - Solusob, lot KO6C29,
99.96%). An absorbance reading was performed using
a spectrophotometer UV visible (Varian, Cary 50 Conc,
Sao Paulo, Brazil) at 510 nm according to the method
of Broadhurst and Jones [15], adapted by Agostini-
Costa et al. [2].

f) Vitamin C analysis was performed determining the
ascorbic acid content (AA) by titration with 2,6-
dichlorophenol indophenol (DCFI) (INLAB; Lot
834.907, cod 690; 98%) using 1% metaphosphoric acid
(VETEC, Lot 1203237, cod 837.09) as an extraction
solution, according to the methodology of Association
of Official Analytical Chemists (AOAC) 967.21
adapted by Oliveira et al. [16].

The analysis of pH, °Brix, total acidity and vitamin C for

cajuina, nectar and pulp of cashew apple were performed
according to the Brazilian legislation.

2.3. Thermal Properties

Cashew apple by-products (cajuina, nectar and pulp) were
evaluated regarding the thermal properties (density, thermal
conductivity, thermal diffusivity, specific heat) as described
in the following.

a) Density (p): this property was determined using a digital
densimeter (Anton Paar, model DMA 45000 M, Astralia),
varying the temperature from 10 to 50°C.

b) Thermal conductivity (k): were measured introducing
the probe (SK-1) of the instrument meter KD2 (Decagon -
Thermal Properties Analyzer, Jarinu/SP, Brazil), in the
sample. The determination was performed keeping the
sample in a water bath at temperature varying from 30-60°C.
The results were expressed in W/m °C.

c) Thermal diffusivity (a): The determination of this
property was done using a predictive equation (2) proposed
for juices in function of the temperature (°C) and °Brix [17].
The results were expressed in m?/s.

a=143x10"7 +1.63x107°7-231x107°C  (2)

where T is the temperature, and C is the concentration
in *Brix.

d) Specific heat (C,): From values of thermal conductivity,
density and thermal diffusivity, it was possible to calculate
the specific heat for the cashew products through equation 3.
The results were expressed in kJ/kg °C.
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where C,is the specific heat; k is the thermal conductivity, p
is the density, and a is the thermal diffusivity.

2.4. Rheology

The rheological behavior of cashew apple products was
evaluated in a rheometer (Thermo Scientific, Haake Mars
Modular Advanced Rheometer System, Germany). For the
analyzes, the samples from cashew products were
homogenized and were added in 12 mL of the rotor cup and
sheared walls of coaxial cylinders that make up the
rheometer.

Analyses were performed at 10-60°C with variation in the
shear rate from 0 to 500 1/s. Rheological behavior of cashew
apple products was described following the models of
Newton, Ostwald-de-Waelle (Potency Law) and Herschel-
Bulkley in the temperature range studied (Equations 4-6,
respectively):

7= py 4)

r=ky" )

rEL, Hh (©)

Where 7 is the shear tension; p is the viscosity; y is the
share rate; k is the consistency index, n is the behavior index,
T, is the residual tension.

Among the different models that correlate the effect of
temperature on fluid viscosity, the most used is the Arrhenius
model (Equation 7).

In,, =%+ B ™

Where 7, is the apparent viscosity, Ej is the activation

energy, R is the universal constant of gases, T is the absolute
temperature, and B is the adjustment parameter.

3. Results and Discussion
3.1. Physicochemical and Thermal Properties

Table 1 shows the properties of the cashew apple products,
commercial cashew apple nectar, pulp and cajuina produced
in the laboratory.

Table 1. Physicochemical properties of cashew by-products.

Cashew apple by-products

Properties

Cajuina Cashew apple nectar Cashew apple pulp
Vitamin C (mg ascorbic acid/100 g) 173.45 £0.05 51+4 136 £3
Condensed tannins (mg/100g) 4.0£0,5 27+2 84+2
pH 4.14 +£0.01 3.51£0.02 3.58 +£0.04
Total acidity (%) 0.390 + 0.001 0.38 £0.03 0.260 £ 0.005
Soluble solids (°Brix) 10.8 £ 0.0 12.10 £ 0.02 11.30 £ 0.01
Water activity (Aw) 0.9960 + 0.0005 0.991 £ 0.001 0.988 + 0.002

When comparing the properties of the products obtained, a
great difference was observed in the contents of vitamin C
and condensed tannins for the by-products evaluated. For
vitamin C, cajuina presented values (173.43 = 0.05 mg citric
acid /100 g) superior to those observed for nectar and pulp
(51 = 4 and 136 + 3 mg citric acid /100 g, respectively).
Despite this, all the values were in agreement with Brazilian
legislation [18, 19].

Similar valor de vitamin C in cajuina was found by
Damasceno et al. [20], in which the amount of vitamin C was
179.5 mg citric acid /100 g. It indicates that cajuina can be
considered a source of vitamin C, because, even after the heat
treatment, it presented an average content of vitamin C
around 180.25 £+ 0.05 mg citric acid / 100 mL, higher than
that found in orange juice (32.36 mg citric acid / 100 mL) by
Danieli et al. [21]; and found in guava juice (53.61 mg citric
acid / 100 mL) by Souza et al. [22].

On the other hand, cajuina presented the lowest content of
condensed tannins (4,0 + 0,5 mg/100g) than nectar and pulp
(4.0 £ 0.5; 27 £ 2 and 84 + 2 mg condensed tannins /100 g,
respectively). These results can be explained due to the low
astringency of cajuina, which is characteristic of this product
[19]. Because of this characteristic, the low tannin content,

this drink has a better acceptance than natural cashew juice
[2].

A comparison of condensed tannin content among nectar
and pulp shows a higher difference among them. This
difference is related to the amount of water added to obtain
nectar, around 50% [9], which indicates that the dilution
caused by addition of water helps to reduce the concentration
of tannins on this product, different from the pulp, which is
an undiluted material [19]. No values of condensed tannin
were found in the literature for these products.

Moreover, similar values were observed for pH, soluble
solids content and total acidity to cajuina, nectar and cashew
pulp, which indicates a characteristic of products cashew
apple. This can be related to factors such as maturation of
pseud fruits, and different processes for the production of
each product cashew apple.

The results from physicochemical analyses for cashew
apple cajuina presented mean values of pH of 4.14 + 0.01,
soluble solids of 10.8 + 0.0 °Brix, total acidity of 0.390 +
0.001 g citric acid /100 g, and vitamin C of 173.43 £ 0.05 mg
citric acid /100 g. These values showed to be in agreement
with Brazilian legislation [19]. However, literature presents
other values in the chemical composition cajuina [20], in pH
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from 4.24 + 0.01 to 4.74 + 0.16; in soluble solids from 10.6 +
0.1 to 12.9 + 0.2 °Brix; in total acidity from 0.180 + 0.001 to
0.397 £ 0.006 g citric acid/100 g; and in vitamin C from 24.7
+ 0.2 to 77.6 = 12.6 mg citric acid/100 g. It indicates the lack
of standardization in the manufacturing process of this
product.

Cashew apple nectar presented means of pH at 3.51 +
0.01. These values are close to that obtained by Lima et al.
[23] for different brands of cashew apple nectar (pH = 3.53 +
0.96 for brand A). These authors also found variations in pH
3.35 £ 0.06 to 3.20 + 0.02 for other brands. This can be
related to the different maturation states of the pseudo-fruit
[24]. The values obtained (Table 1) for these properties for
the cashew apple nectar (0.38 + 0.03 g citric acid /100 g for
total acidity; 12.10 + 0.02 °Brix for soluble solids, 51 + 4 mg
citric acid /100g for vitamin C) are in agreement with the
Brazilian legislation. However, the Brazilian legislation does
not present values for pH parameter.

The results from physicochemical analyses for cashew
apple pulp presented mean values of pH of 3.58 + 0.04,
soluble solids of 11.30 + 0.01 °Brix, total acidity of 0.260 +
0.005 g citric acid /100 g, and vitamin C of 136 + 3 mg citric
acid /100 g. These values showed to be in agreement with
Brazilian legislation [19]. However, Oliveira et al. [25]
evaluated different brands of cashew apple pulp
commercialized in Pernambuco/Brazil and observed mean
values of pH, total acidity, soluble solids (°Brix) and vitamin
C of 4.11 £ 0.21; 0.39 g citric acid /100g + 0.17; 9.08 =

0.77 °Brix and 162.84 + 44.20 mg AA/ 100 g, respectively,
different from determined in our study (Table 1). This can be
related to the different maturation state of the pseudo-fruit
used to obtain the product, or due to climatic factors such as
soil type, fruit variety and amount of rain during cropping
[24].

Considering the physicochemical parameters evaluated for
cashew apple products, it was not found the limits set for
these parameters in the Codex Alimentarius [26]. However,
the description and obtaining of fruit juices and nectar
followed the guidelines Codex Stan 247-2005 standard.

Regarding Table 1, all products presented water activities
around 0.99. Different results were found by Pereira et al.
[27] (0.940 - 0.947) in different brands of cashew apple
pulps. On the other hand, values close to that were observed
in the studies conducted by Sancho et al. [28], in which value
of water activities was 0.997 + 0.006 for cashew apple juice
when pasteurized with high pulp content. This indicates that
the water activity of cashew apple products is within the
range found for that type of food. However, it was not found
in the literature values of water activities for cajuina and
nectar.

3.2. Thermal Properties

Figure 1 presents the effect of temperature on the thermal
properties: density, thermal conductivity, thermal diffusivity
and specific heat ratio of cashew apple products.
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Figure 1. Effect of temperature on the thermal properties of cashew by-products: density, thermal conductivity, thermal diffusivity, specific heat.

According to Figure 1, the density of cashew apple by-
products presents a generally linear behavior as a function of
temperature and that decreased with increasing temperature,
in the investigated temperature range. The same behavior
was observed for the cashew juice [29], which in turn
presented density near to that for cajuina. Possibly this is due
to the removal of particulate in suspension in cashew apple
juice after filtration. Density data for nectar of cashew apple
and cajuina were not found in the literature.

Considering the effect of temperature on density of cashew
apple products (Figure 1), it has been verified that higher
densities were observed for cashew apple pulp, followed by
nectar and cashew cajuina, respectively, in the temperature
10 to 50°C. An explanation for that is the smaller amount of
water activity that favored increased density.

At given temperature (30°C, for instance), the cashew
apple pulp density obtained in this study (1.0460 + 0.0004
g/m’) showed slightly lower than the value of the density
obtained by Mattos and Medeiros [30], i.e., 1.0530 + 0.002
g/m’. This fact can also be explained by the quantity of water
present in the studied cashew apple pulps.

Regarding thermal conductivity, it is possible to observe
that the temperature promotes similar effect on the thermal
conductivity of cajuina and cashew apple pulp, where the
thermal conductivity increases from 10 to 20°C and
decreases after 30°C to 50°C. This behavior indicates that the
cajuina and cashew apple pulp, at temperatures from 10 to

20°C, leading thermal energy faster than nectar. It is also
observed that cajuina has a higher thermal conductivity at
temperatures from 10 to 30°C for cashew apple products
evaluated. However, each cashew apple product had an
average value of thermal conductivity as a function of
temperature studied. These conductivity variations may be
related to several factors, including the composition,
structure, homogeneity, density, quantity of water, among
others, that may affect the flow of energy through the food
analyzed [31].

It’s important to emphasize that values for thermal
conductivity was not found in the literature for the cashew
apple products evaluated in this study. The knowledge of this
property is essential for process in with temperature is
applied, such as thermal treatments, frozen, among others.

Considering the thermal diffusivity for cashew apple
products, it is observed that the thermal diffusivity increased
gradually with increasing temperature, with a linear behavior
in function of temperature from 10 to 50°C. Comparing the
cashew apple products, despite these products present values
close to this property, it is observed that the cajuina was the
product with the highest thermal conductivity of all measured
temperatures, indicating that, when these cashew apple
products are subjected to the same temperature gradient, the
cajuina undergo temperature changes at a greater speed than
nectar and cashew apple pulp during an industrial process.
However, it was not found in the literature values for thermal



34 Rogéria Helen Lima Vidal ef al.: Determining and Modelling of Thermal and Rheological Properties of
Cashew Apple By-Products

diffusivity for cajuina, cashew apple nectar and cashew apple
pulp.

It can be observed that the temperature affects the specific
heat of cashew apple by-products, the same behavior
observed in the thermal conductivity, that is, increased with
the temperature up to 20°C and decreased at temperatures
higher than 20°C. It is also observed that the cajuina was the
food with the highest specific heat at temperatures between

10 and 30°C. The specific heat is the quantity of heat that a
food gained or lost during processing, when there are
temperature changes [31]. However, it was not found in
literature values for cashew apple products evaluated in this
study.

From the data presented in Figure 1 it was possible to
obtain the equations which correlate each thermal property in
function of temperature (Table 2).

Table 2. Equations each thermal property in function of temperature* for the cashew apple by-products.

Thermal property Cashew apple by-products Equations R?
Cajuina -4.0 x10°T + 1.0461 0.9772
Density (g/cm’) Nectar -3.0 x10*T + 1.0527 0.9836
Pulp -4.0 x10*°T + 1.0560 0.9913
Cajuina -0.0001 T+ 0.0044 T + 0.5437 0.9491
Thermal conductivity (W/m °C) Nectar -0.0001 T*>+0.0057 T + 0.0469 0.6682
Pulp -0.0002 T>+0.0106 T + 0.4234 0.9773
Cajuina 0.016 T+ 1.405 1.0000
Thermal diffusivity 107 (m?s) Nectar 0.016 T+ 1.402 1.0000
Pulp 0.017 T+ 1.412 0.9989
Cajuina -1.1536T%+ 37.463T + 3579.6 0.9098
Specific heat (kj/kg °C) Nectar -1.9381T? + 99.104T + 2342.6 0.9883
Pulp -1.0426T + 49.339T + 3056.4 0.9194

*Temperature in (°C).

According to Table 2, it can be verified that the density
and thermal diffusivity were the thermal properties that
presented better fit with determination coefficients R* > 0.97
for all cashew apple by-products with linear equations in all
cases. However, the cashew apple nectar was the one with
the lowest fit with R? (0.6682) in the equation for the thermal
conductivity. This indicates a behavioral shift in this thermal
property at temperature of 60°C (Figure 1). Moreover, the
equations of cashew apple pulp and cajuina presented
determination coefficients between 0.9773 and 0.9491,
respectively, at temperatures from 10 to 60°C. For the
specific heat polynomial equations resulted in a good fit with
R? ranging from 0.9098 and 0.9883. It is also observed that,
the thermal conductivity for cashew apple nectar in

temperature between 10-50°C, presented a good fit with R’
(0.985) and equation (- 0.0003 T+ 0.0154 T + 0.3451). With
the exception of the thermal conductivity, for cashew apple
nectar, other predictive equations of cashew apple products
obtained in this study may be recommended to predict the
physical properties for cajuina, the cashew apple nectar and
cashew apple pulp, using the temperature value between 10
to 50°C.

3.3. Rheology

Rheological behavior of cashew apple products is
represented in Figure 2.
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Figure 2. Rheological profile of cajuina (a), nectar (b) and chasew apple pulp (c) at different temperature.

According to Figure 2a, cajuina presented a different
rheological behavior. At low shear rate (< 100 1/s) it seems to
be a Newtonian fluid, however it changes to a non-
Newtonian behavior increasing the shear rate. This is more
evident at high temperatures. Low temperatures promoted the
keeping of Newtonian behavior.

Cashew apple nectar (Figure 2b) is the product which
profile was closer to fitting Newton’s Law, while cashew
apple pulp (Figure 2c¢) is the product that presented a clear
non-Newtonian profile.

In contrast to the other products, cashew apple pulp
presented differentiated behavior, not only when rheological
profiles were considered, but also due to the tendency
observed when the temperature was increased (the shear
stress decreased), excepted at 10°C. This behavior was also
observed for mangaba (Hancornia speciosa) and graviola
(Annona muricata) pulps [32]. In the case of the cashew
apple pulp, this inversion may be attributed to the presence of
interacting with starch suspended material, including the

characteristic that pulp fiber. According to Silva et al. [33], a
very viscous characteristic can be provided by the fibers
present in cashew apple pulp. Salgado et al. [34] found a
content of 2.3 = 0.2% of dietary fiber in the cashew apple
pulp, due to the presence of cellulose and lignin, being the
latter responsible for the firmness and rigidity to the fiber
assembly. In the study presented here, the fiber content in
cashew apple pulp was 3% (indicated by the product’s
manufacturer: Nordest Fruit) and other products (cajuina and
cashew apple nectar) free of fibers: for cajuina, the fibers
were removed during the clarification process, and nectar, the
information amount of zero fiber was provided by the
product’s manufacturer.

The flow curves of each product at different temperatures
were adjusted to the rheological models (Equations 4-6) and
Table 3 present the values for the parameters obtained in the
model adjusted for cajuina, cashew apple nectar, and pulp,
respectively.
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Table 3. Adjustment parameters of different models for the rheological behavior of cashew apple nectar, pulp and cajuina, respectively, at different

temperatures.

Cashew apple by-products /Models

Temperature (°C)

10 20 30 40 50 60
Cajuina
Newtonian n 0.0022 0.0021 0.0019 0.0018 0.0016 0.0015
R? 0.9721 0.9627 0.9628 0.9678 0.9706 0.9721
Ostwald-de-Waelle k 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001
n 1.3927 1.5644 1.5704 1.5253 1.4928 1.4782
R? 0.9909 0.9960 0.9979 0.9988 0.9991 0.9995
Herschel-Bulkley T 0.09 0.06 0.04 0.03 0.01 0.008
k 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
n 1.7131 1.7851 1.7290 1.6210 1.5416 1.5150
R? 0.9945 0.9981 0.9990 0.9992 0.9992 0.9996
Nectar
Newtonian n 0.0032 0.0028 0,0024 0.0023 0.0022 0.0020
R? 0.9955 0.9949 0,9904 0.9911 0.9876 0.9809
Ostwald-de-Waelle k 0.0065 0,0059 0,0056 0.0025 0.0017 0.0007
n 0.8806 0.8723 0.8585 0.9845 1.0445 1.1835
R? 0.9994 0.9995 0.9961 0.9911 0.9880 0.9862
Herschel-Bulkley To 0.06 0.05 0.06 0.09 0.11 0.07
k 0.0039 0.0036 0.0027 0.0005 0.0002 0.0002
n 0.9583 0.9456 0.9674 1.2190 1.3829 1.3561
R? 0.9999 0.9999 0.9970 0.9939 0.9929 0.9918
Pulp
Ostwald-de-Waelle 0.0910 1.0492 0.4557 0.3446 0.1203 0.1054
n 0.5650 0.2350 0.3607 0.3791 0.5374 0.5293
R? 0.9889 0.8118 0.8865 0.8793 0.9860 0.9502
Herschel-Bulkley To 0.6018 2.7275 1.9806 1.6509 0.7343 0.8458
0.0104 0.0001 0.0007 0.0004 0.0114 0.0018
n 0.8871 1.5810 1.3368 1.4010 0.8862 1.1420
R? 0.9984 0.9488 0.9766 0.9718 0.9966 0.9810

Cajuina, even after the process of clarification and thermal
treatment during manufacturing, presented characteristic
behavior of fruit juices with values of R* > 0.99 for the
Ostwald-de-Waelle and Hershel-Bulkley models. Despite the
high R? values (>0.99) observed for the Hershel-Bulkley
model, this model is not applicable for cajuina due to a null
consistency index, which indicates that this property has no
effect in the model and therefore the model cannot be used.
Thus, the model of Ostwald-de-Waelle was indicated for this
product. This fluid showed a dilatant behavior (n > 1)
evaluated at all temperatures, indicating that at these
temperatures there is a higher shear stress due to the
difficulty of disposing, as shown in Figure 2a.

In relation to cashew apple nectar, this product presented
Newtonian behavior for temperatures between 10 and 40°C
(R* = 0.99). The increase in temperature changed the
rheological behavior from high share rates (> 300 1/s). The
fluid deviates from the Newtonian behavior and fits better
into the Hershel-Bulkley model (R* = 0.99).

For cashew apple pulp, the Hershel-Bulkley model
presented the best result (R? = 0.98). This behavior was also
observed for other types of pulps such as agai, jabuticaba
(Plinia cauliflora) and siriguela (Spondias purpurea L.) pulps

[36-38]. A higher dispersion was observed at the starting
point of the share rate (up to = 100 1/s) followed by rapid
homogeneous behavior by the fluid. This dispersion is
probably due to the suspended material, including fibers,
characteristic of cashew apple pulp.

For cashew apple pulp, considering the effect of
temperature on the parameters of the models, the increase in
temperature leaded to a decrease in consistency index (k) and
an increase in the behavior index (n) in the model of
Ostwald-de-Waelle, except at 10 °C. For the Hershel-Bulkley
model, the increase in temperature promoted a decrease in
residual tension and behavior index, with no tendency
observed for the consistency index in the range studied (10
and 60°C).

For cashew apple nectar, the increase in temperature
decreased the viscosity in the Newtonian model, and the
same effect was observed for the consistency index in the
model of Ostwald-de-Waelle and Hershel-Bulkley. This
behavior was also observed for cajuina.

The analysis of the effect of temperature by the Arrhenius
model corroborates to the facts previously observed. Figure 3
present the apparent viscosity analysis against the
deformation rate applied.



Engineering and Applied Sciences 2018; 3(1): 29-39

37

60 15 (1/s)
~ ® S
T <o (a) ©100 (1/5)
“é‘ 200 (1/5)
Z 40 300 (1/s)
3 ©400 (1/s)
2 3.0 ® ©495 (1/s)
>~ : ° ® ° °
£ 20 e °
) [ ]
I
2- 1.0 o ® o)
0.0
0 10 20 30 40 50 60 70
Temperature (°C)
7 (b) ® 15 (1/s)
g 8.0 o © 100 (1/s)
£ 200 (1/s)
z 6.0 . 300 (1/s)
§ ® @400 (1/s)
£ 40 - . ® o
S 3o,
5 20 ¢ & ¢
=
<
0.0
0 10 20 30 40 50 60 70
Temperature (°C)
2 35
2 100 (1/s)
250 g 30 ©200 (1/5)
Q2 e 15(1/s) 3 25 300 (1/s)
& 200 © ¢ 100 (1/s) Z 20 400 (1/5)
g 200 (1/s) 215 ™ ©495 (1/5)
o > ® o
£ 150 300 (1/s) ol 2 0§ 5 2 3
8 o ©400 (1/s) £ o ® o
£ 100 ©495 (1/s) 2
= 0 10 20 30 40 50 60 70
E 50 o ¢ Temperature (°C)
I
= - @ e =
< 5 ® C o) [ O [
10 20 30 40

Temperature (°C)

Figure 3. Effect of temperature on apparent viscosity of cajuina (a), nectar (b) and cashew apple pulp (c) at different shear rates.

Cajuina (Figure 3a) behaved stably, presenting a slight
decrease in apparent viscosity as the temperature increased.
For cashew apple nectar (Figure 3b), similar behavior to that
observed for the pulp was obtained when low share rates
were applied (15 1/s), but at a lower intensity. For higher
share rates, the increase in temperature tends to slightly
decrease apparent viscosity. For cashew apple pulp (Figure
3c) due to the great dispersion observed at the beginning of
share rate (up to + 100 1/s, as presented in Figure 2c¢), it is
observed that pulp behavior at 15 1/s is distant from those
observed in other share rates. At 15 1/s rate, the increase in
temperature sharply decreases the apparent viscosity. At

other share rates, the increase in temperature also decreases
apparent viscosity, at a lower intensity. A differentiated
behavior of the pulp at 10°C as shown in Figure 2¢ was still
observed in Figure 3c. This behavior could be initially
attributed to the soluble solid content of cashew apple pulp.
However, cashew apple pulp showed °Brix with a small
difference relative to the other cashew products (Table 1)
which did not show such behavior. As discussed earlier, this
behavior may be due to interactions between starch and
suspended material, including fibers, this pulp.

In general, the magnitude level of apparent viscosity of
these products was as follows: cashew apple pulp> nectar >
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cajuina.

In relation the adjustment parameters in the Arrhenius
model, different activation energy values were obtained for
the cashew apple by-products; being the highest activation
energy observed for cashew apple pulp (1538.7 J/mol) when
compared with cajuina (8.4436 J/mol) and cashew apple
nectar (12.2670 J/mol) at 400 1/s (with B = -2.4746, R* =
0.9742, B = 0.0265, R” = 0.9833; B = 0.5004, R* = 0.9853 to
cashew apple pulp, cajuina and nectar e respectively). The
activation energy indicates how much of the temperature
influences the rheological parameters of the fluid This is
confirm the results previously presented in which a higher
effect of temperature was observed, followed by nectar and
cajuina, that presented a lower temperature effect on
rheological behavior.

4. Conclusion

In this study, the cashew apple by-products of cajuina,
nectar and pulp were characterized regarding their
physicochemical, thermal and rheological properties. Among
the physicochemical properties, special attention should be
given to cajuina which presented higher vitamin C and lower
condensed tannin contents. Cashew apple Dby-products
presented in accordance with to those recommended by the
Brazilian legislation. Thermal properties, the cajuina showed
the lowest density. In general, all products showed good fits
of predictive equations for each evaluated thermal property.
Rheological analyses of the products indicated that cajuina
and cashew apple pulp are well characterized by the
Ostwald-de-Waelle models and Hershel-Bulkley (n > 1),
respectively. Cashew apple nectar presented Newtonian
behavior for the temperatures between 10-40°C and, at
higher temperatures, the Ostwald-de-Waelle model adjusted
better to the fluid behavior. The results were coherent with
those from literature regarding fruit pulps and similar
products, and the values of these properties were consistent.
The great importance of this work opens new possibilities to
the food industry and provides a base for the development of
industrial products from tropical fruits with new exotic
flavors.
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