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The purpose of this experiment was to evaluate the effect of heat treatment on the rheological properties of mixed 
nectars, based on cashew apple, mango, and acerola pulps. Ten different formulations with different mass fractions 
of cashew apple, mango, and acerola pulps were prepared using a simplex centroid design [with a total of 35% (w/w) 
pulp] and submitted to heat treatment at 90 °C for 1 min. Samples were collected before and after heat treatment and 
characterization of their rheological properties was carried out. The rheological behaviour was obtained at 25 °C, 
with shear rate ranging from 108 to 500 s–1 (upward curve) and from 500 to 108 s–1 (downward curve) for 1 min with 
25 readings for each curve. The Ostwald de Waele model showed to be a good fi t for all formulations studied, which 
showed a non-Newtonian behaviour and a pseudoplastic character. Results of apparent viscosity for the non-heated 
formulations were well fi tted by the linear model and the heat treated formulations by the cubic model. The heat 
treated formulations had higher (P<0.05) values of consistency index and apparent viscosity, as well as lower 
(P<0.05) values of fl ow behaviour index compared to non-heated formulations. The rheological characterization of 
these formulations is a very useful tool during product development and processing control of mixed nectars of fruit 
juice.
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Consumption of fruit juices is important for human health, since they are considered a major 
source of nutrients, and contain various phytochemicals, which reduce the risk of various 
diseases (CASWELL, 2009). Consumers have also become increasingly aware of the health 
benefi ts of these products, as good sources of antioxidants, such as polyphenols, vitamin C, 
vitamin E, Maillard reaction products, β-carotene, and lycopene (RAMADAN-HASSANIEN, 
2008).

Mixed fruit nectars are excellent options for tropical fruit juices consumption, not only 
do they introduce practical and distinct sensory characteristics, such as fl avour and 
consistency, to fulfi l consumers’ needs; but also more competition and an exclusive niche of 
products to fulfi l the industry’s needs. The mixture of different juices can be made to combine 
ingredients, fl avours, and aromas of different fruits, thus, increasing the acceptability and the 
nutritional value of these juices (LIMA et al., 2008). Mixed nectars of cashew apple, mango, 
and acerola present a large variety of functional compounds.

Acerola (Malpighia emarginata D.C.) is a well-known tropical fruit mainly for its high 
vitamin C content (FREITAS et al., 2006) and also an excellent source of polyphenols, which 
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provide a high antioxidant activity (MEZADRI et al., 2008; HOFFMANN-RIBANI et al., 2009). 
Mango fruit (Mangifera indica L.) is a good source of carbohydrates, minerals, organic 
acids, and vitamins (BON et al., 2010) and also of antioxidants (RIBEIRO et al., 2007). Cashew 
apple (Anacardium occidentale L.) is also of nutritional interest, due to its high content if 
vitamin C (ANDRADE et al., 2008), B vitamins, minerals, carotenoids (ZEPKA & MERCADANTE, 
2009), and phenolic compounds (HOFFMANN-RIBANI et al., 2009), which make it one of the 
most important tropical fruit in Brazil used in juice production (MELO et al., 2008).

Throughout development and optimization of food products and processes, it is of 
fundamental importance to analyse the properties of all the materials used in order to preserve 
the characteristics of the fi nal product even when the materials are submitted to different 
processing conditions, thus ensuring the nutritional and sensory quality of the fi nal product 
and commercial viability for the industry. The study of rheological behaviour, for instance, is 
important because it assists in determining processing conditions allowing better control over 
the products and processes, with benefi ts to the producers, the consumers and the industry 
(RAMOS & IBARZ, 1998; VASQUES, 2003). More specifi cally, the rheological characterization of 
juices and fruit pulps is of interest, since their rheological behaviour affects the formulation 
and processing conditions and ultimately, the acceptance of the product by consumers.

Rheological behaviour characterization in food products is done by using different 
mathematical models that correlates shear stress (force received by the food during processing) 
and shear rate (deformation originated from the applied force). According to FERREIRA and 
AVACA (2008), fruit and vegetable products are considered fl uids of non-Newtonian behaviour, 
following the model of Ostwald de Waele, which is widely used to describe the rheological 
behaviour of foods: τ =K n ; where τ =shear stress (Pa), =shear rate (s–1), K=consistency 
index (Pa.sn), n= fl ow behaviour index.

Studies about the effect of heat treatment on the rheological characteristics of mixed 
tropical fruit nectars are still scarce. The purpose of this study is to investigate the infl uence 
of heat treatment (pasteurization) on the rheological properties of mixed nectars containing 
cashew apple, mango, and acerola pulps, as a suitable alternative to tropical fruit juice 
processing.

1. Materials and methods

Pasteurized and frozen cashew apple, mango, and acerola pulps, produced by a local fi rm of 
tropical fruit juices in Pacajus, Ceará, Brazil were used in this study. Ten formulations were 
prepared with varying concentrations (% weight) of cashew apple, mango, and acerola pulps 
based on a simplex centroid design, with a total of 35% (w/w) of pulp for all formulations 
(Table 1). The concentration of total soluble solids was fi xed at 11 °Brix based on mass 
balance. After mixing, each formulation was divided into two parts, one was submitted to 
heat treatment at 90 °C for 1 min (pasteurization) followed by hot fi lling into polyethylene 
bottles of 100 ml, the other without heat treatment (unpasteurized) was cold fi lled using the 
same bottles. The formulations were kept frozen (–18 °C) until the time of analysis.

The measured rheological parameters were used as pseudo components for the 
adjustment of response values using linear, quadratic, and cubic models. The statistical 
signifi cance of the data was determined by analysis of variance (ANOVA) at 5% confi dence 
level, using the software Statistica version 7.0.
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Table 1. Formulations of the mixed nectars based on cashew apple, mango, and acerola pulps

Formulation
Pseudocomponents (%) Original components (%)

Cashew apple Mango Acerola Cashew apple Mango Acerola

 1 90  5  5 31.5  1.8  1.8

 2  5 90  5  1.8 31.5  1.8

 3  5  5 90  1.8  1.8 31.5

 4 47.5 47.5  5 16.6 16.6  1.8

 5 47.5  5 47.5 16.6  1.8 16.6

 6  5 47.5 47.5  1.8 16.6 16.6

 7 33.3 33.3 33.3 11.7 11.7 11.7

 8 61.67 19.17 19.17 21.6  6.7  6.7

 9 19.17 61.67 19.17  6.7 21.6  6.7

10 19.17 19.17 61.67  6.7  6.7 21.6

All nectars were initially homogenized at 10 000 r.p.m. for one min (Omni homogenizer, 
USA) to decrease the particle size present in the nectar, especially for cashew apple pulp, 
which had a high fi bre content. The rheological behaviour of nectars of cashew apple, mango, 
and acerola was determined using a concentric cylinder rheometer (Brookfi eld Searle, model 
R/S SST Plus 2000, Brookfi eld Co., USA). Determinations were carried out at 25 °C provided 
by a thermostatic bath (Brookfi eld, model TC-502) connected to the equipment. Results of 
shear stress and shear rate were recorded using RHEO V2.8 software (Brookfi eld Co., USA). 
The rheological behaviour was measured with a shear rate ranging from 108 to 500 s–1 
(upward curve) and from 500 to 108 s–1 (downward curve) for 1 min with 25 readings for each 
curve. Readings were carried out in triplicate and for each measurement a new sample was 
used. The Ostwald de Waele model was used to characterize the rheological behaviour of 
mixed fruit nectar due to its simplicity and good fi t. The experimental results were fi tted to 
the Ostwald de Waele model using SAS Software version 9.1.

The apparent viscosity values for the mixed nectars of cashew apple, mango, and acerola 
were obtained by the calculation of apparent viscosity using the Ostwald de Waele model, for 
shear rate equal to 100 s–1, which represents the shear rate of fl uids being pumped through 
industrial pipes: ηa=K  1n ; where ηa=apparent viscosity (Pa.s);  =shear rate (s–1); 
K=consistency index (Pa.sn); n= fl ow behaviour index.

2. Results and discussions

The Ostwald de Waele model fi tted all the formulations (except 4, 7, and 8) with correlation 
coeffi cients (R2) close to unity and mean square error (MSE) close to zero, indicating a good 
fi t (Table 2). The fl ow behaviour index (n) of a fl uid is used to classify its fl uid fl ow and 
consequently to predict its behaviour during industrial processing under different unit 
operations. All samples showed a fl ow behaviour index (n) below one, indicating a 
pseudoplastic behaviour. Consequently, it was observed that an increase in shear stress 
resulted (P<0.05) in a decrease in viscosity for all formulations.
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Table 2. Parameters of the Ostwald-de-Waele model to the unpasteurized and pasteurized mixed nectars cashew 
apple, mango, and acerola

Nectar
K (Pa.sn) n R2 QME

N P N P N P N P

 1 0.032±0.002 0.0922±0.0029 0.702±0.009 0.6083±0.0054 0.997 0.9988 0.000 0.0006

 2 0.076±0.004 0.1246±0.0035 0.611±0.009 0.5731±0.0048 0.997 0.9989 0.001 0.0006

 3 0.040±0.005 0.0815±0.0028 0.684±0.005 0.6160±0.0058 0.987 0.9987 0.004 0.0006

 4 0.8097±0.489 0.2939±0.0445 0.229±0.101 0.4485±0.0261 0.942 0.9478 0.405 0.0277

 5 0.0354±0.001 0.1025±0.0153 0.693±0.006 0.5789±0.0256 0.999 0.9655 0.000 0.0155

 6 0.0757±0.005 0.1019±0.0038 0.612±0.012 0.5926±0.0067 0.994 0.9979 0.002 0.0011

 7 0.1277±0.017 0.2191±0.0351 0.509±0.023 0.4725±0.0279 0.964 0.9395 0.008 0.0290

 8 0.2408±0.055 0.1961±0.0178 0.381±0.039 0.5017±0.0157 0.806 0.9850 0.029 0.0079

 9 0.0887±0.005 0.1231±0.0077 0.587±0.009 0.5639±0.0108 0.996 0.9945 0.001 0.0029

10 0.0987±0.009 0.0869±0.0054 0.536±0.015 0.5971±0.0106 0.988 0.9953 0.003 0.0019

N: unpasteurized; P: pasteurized; K: consistency index (Pa.sn); n: fl ow behaviour index

The non-Newtonian behaviour and pseudoplastic character of fruit pulps have been 
observed by other studies. CHIN and co-workers (2009) found that grapefruit juice could be 
classifi ed as a non-Newtonian fl uid, showing a pseudoplastic behaviour, similar to that 
described by BRANCO and GASPARETTO (2003), who analysed the rheological behaviour of 
ternary mixtures of mango pulp, orange, and carrot juice. VANDRESSEN (2007) studied the 
effect of heat treatment on the rheological properties of unpasteurized and pasteurized carrot 
juice. The model of Ostwald de Waele was fi tted to the results, observing Newtonian 
behaviour for unpasteurized and pseudoplastic behaviour for pasteurized juices. The latter 
result was similar to the results obtained in this study.

For the production of fruit nectars, differences in rheological behaviour is likely to occur 
as the physicochemical composition of fruit changes with species; however, within the same 
species but different varieties, studies have showed that the rheological behaviour of nectars 
is not signifi cantly affected. DAK and co-workers (2006; 2007) studied the rheological 
behaviour of different mango juice varieties, “Totapuri” and “Kesar”, and pseudoplastic 
behaviour was observed for both varieties.

The nectars that were subjected to heat treatment had a higher (P<0.05) consistency 
index (K) compared to those not submitted to heat treatment, except for formulations 4, 8, 
and 10. The fl ow behaviour index (n) of nectars presented higher (P<0.05) values for 
unpasteurized samples, except for nectars 4, 8, and 10. MACEIRAS and co-workers (2007) 
evaluated the effect of cooking pastes, and found that the fl ow behaviour index (n) decreased 
when samples were subjected to heat treatment, similarly to the results observed for most 
formulations in this study. For fl ow behaviour index (n), the closer to unity the greater the 
tendency of fl uids to behave like Newtonian fl uid (RAMOS & IBARZ, 1998).

Apparent viscosity was signifi cantly different among formulations. Concentration and 
denaturation of pulp constituents have likely occurred during heat treatment for the 
formulations tested; and consequently these formulations were more viscous (P<0.05) than 
the formulations not submitted to heat treatment. The results of apparent viscosity for the 
unpasteurized and pasteurized formulations were well represented by the linear model and by 
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the cubic model, respectively (Table 3). The quadratic model did not show a good fi t to the 
experimental data for any of the rheological parameters studied and it was not used. The 
coeffi cients of linear and cubic equations for the representation of consistency index, fl ow 
behaviour index, and apparent viscosity, as well as their standard errors are listed in Tables 4 
and 5.

Table 3. Summary of analysis of variance (ANOVA) for apparent viscosity, consistency, 
and fl ow behaviour index

Source of variation DF

Mean square

K (Pa.sn) n ηa (Pa.s)

N P N P N P

Linear model 6 0.0303ns 0.0173* 0.0115ns 0.0089ns 0.0014* 0.00007*

Lack of fi t 3 0.0234ns 0.0145* 0.0303ns 0.0194ns 0.0021ns 0.00003*

Quadratic model 5 0.0363ns 0.0238* 0.0308* 0.0201ns 0.0008ns 0.00006*

Lack of fi t 4 0.0176ns 0.0043* 0.0202* 0.0133ns 0.0001ns 0.000005ns

Cubic model 2 0.0673ns 0.0199* 0.0283* 0.0191ns 0.0007ns 0.00006*

Lack of fi t 7 0.0167ns 0.0057* 0.0218* 0.0129ns 0.0002ns 0.000004ns

N: Unpasteurized; P: pasteurized; DF: Degree of freedom; * Signifi cant at 5% of probability level; ns: not signifi cant 
at 5% of probability; ηa : apparent viscosity; K: consistency index (Pa.sn); n: fl ow behaviour index

Table 4. Coeffi cients and standard errors of the adjusted linear model for the rheological parameters

K n ηa

x’1 x’2 x’3 x’1 x’2 x’3 x’1 x’2 x’3

Pasteurized

coeffi cients 0.181* 0.176* 0.071* 0.552* 0.487* 0.5730* 0.019* 0.018* 0.012*

Standard errors 0.029* 0.029* 0.029* 0.051* 0.051* 0.0509* 0.002* 0.002* 0.002*

Unpasteurized

coeffi cients 0.099ns 0.265* 0.026* 0.574* 0.538* 0.637* 0.007 ns 0.037ns 0.005ns

Standard errors 0.061ns 0.061* 0.061ns 0.045* 0.045* 0.045* 0.008* 0.008ns 0.008ns

x’1: Cashew apple; x’2: mango; x’3: acerola. * Signifi cant at 5% of probability level; ns: not signifi cant at 5% of 
probability; ηa: apparent viscosity; K: consistency index (Pa.sn); n: fl ow behaviour index

The consistency index increased (P<0.05) with the increase of mass fraction of mango 
and cashew apple. The opposite was observed for the fl ow behaviour index, which increased 
(P<0.05) with the increase of mass fraction of acerola (linear model) and mango pulp (cubic 
model), indicating a reduction of the pseudoplastic behaviour of the mixture. Formulation 
seven and four showed the highest (P<0.05) values of consistency index for the unpasteurized 
and pasteurized mixed nectars, respectively (Table 2). The amount of each pulp present in the 
formulations should be taken into account, for example formulation eight had higher content 
of cashew apple pulp and formulation four had the highest amounts of cashew apple and 
mango pulp. Cashew apple and mango pulps have signifi cantly more fi bre and higher soluble 
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solids than the other pulps, which may have contributed to this behaviour. BRANCO and 
GASPARETTO (2005) evaluated the rheological behaviour of mixtures of carrot and orange 
juices, and mango pulps that were unpasteurized; and observed an increase in the rheological 
parameter values with an increase in the mass fraction of mango pulp in their mixture, similar 
to this study.

In general, an increase in mass fraction of cashew apple and mango pulps showed an 
increase (P<0.05) in apparent viscosity and in the consistency index of pasteurized and 
unpasteurized formulations (Fig. 1 and Table 6). This behaviour was not observed for the 
fl ow behaviour index. For unpasteurized formulations, a decrease (P<0.05) in fl ow behaviour 
index values with an increase in mass fraction of cashew apple and mango pulps was 
observed. An increase in mass fraction of acerola pulp in the formulation caused a signifi cant 
reduction of fl ow behaviour index values.

A signifi cant decrease of shear stress values with shear rate was observed for 
unpasteurized formulations compared to their respective pasteurized counterparts. This could 
be explained by analysing the apparent viscosity of each formulation (Table 6 and Fig. 2), 
where the pasteurized formulations have shown higher (P<0.05) apparent viscosities values, 
justifying the higher (P<0.05) shear stress values when compared to the unpasteurized 
formulations.

Table 5. Coeffi cients and standard errors of the adjusted cubic model for the rheological parameters

Coeffi cients
K n ηa

N P N P N P

x’1 Coeffi cients 0.051ns 0.099* 0.672* 0.591* 0.009ns 0.016*

Standard errors 0.083ns 0.024* 0.047* 0.063* 0.011ns 0.002*

x’2 Coeffi cients 0.2730* 0.109* 0.639* 0.594* 0.048* 0.017*

Standard errors 0.083ns 0.024* 0.047* 0.063* 0.011* 0.002*

x’3 Coeffi cients 0.063ns 0.079* 0.663* 0.628* 0.011ns 0.001*

Standard errors 0.083ns 0.024* 0.047* 0.063* 0.011ns 0.002*

x’1 x’2 Coeffi cients 0.334ns 0.757* –0.740* –0.580ns –0.043ns 0.027*

Standard errors 0.415ns 0.119* 0.234 ns 0.315ns 0.0571ns 0.009*

x’1 x’3 Coeffi cients 0.071ns 0.089ns –0.054ns –0.117ns 0.0046ns 0.001ns

Standard errors 0.415ns 0.119ns 0.235ns 0.315ns 0.0571ns 0.009ns

x’2 x’3 Coeffi cients –0.435ns –0.039ns –0.081ns –0.726* –0.074ns –0.019*

Standard errors 0.415ns 0.119ns 0.235ns 0.315* 0.057ns 0.009*

x’1x’2x’3 Coeffi cients 0.312ns –0.275ns –2.309ns 2.207ns 0.039ns 0.052ns

Standard errors 2.737ns 0.788ns 1.546ns 2.078ns 0.377ns 0.057ns

x’1: cashew apple; x’2: mango; x’3: acerola. N: unpasteurized; P: pasteurized; ηa: apparent viscosity; K: consistency 
index (Pa.s); n: fl ow behaviour index; * Signifi cant at 5% of probability level; ns: not signifi cant at 5% of probability
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Table 6. Apparent viscosity (ηa) of mixed nectars of cashew apple, mango, and acerola

Nectar
ηa (Pa.s)

N P

 1 0.0081 0.0152
 2 0.0127 0.0175
 3 0.0093 0.0139
 4 0.0232 0.0232
 5 0.0086 0.0147
 6 0.0127 0.0156
 7 0.0134 0.0193
 8 0.0139 0.0198
 9 0.0132 0.0165
10 0.0117 0.0136

N: unpasteurized; P: pasteurized.

Fig. 1. Rheological parameters contour curves: A: Linear model for apparent viscosity of unpasteurized nectars 
(R2=0.601); B: cubic model for apparent viscosity of pasteurized nectars (R2=0.217); C: cubic model for 

consistency index of unpasteurized nectars (R2= 0.266); D: Cubic model for consistency index pasteurized nectars 
(R2=0.742); E: Cubic model for fl ow behaviour index of unpasteurized nectars (R2=0.514); F: Cubic model for 

the fl ow behaviour index of pasteurized nectars (R2=0.284)
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Fig. 2. Relationship between apparent viscosity (ηa) and shear stress of mixed nectars of cashew apple, mango, 
and acerola. A: unpasteurized nectars; B: pasteurized nectars

: 1; : 2; : 3; : 4; : 5; : 6; + :7; : 8; : 9; : 10

3. Conclusions

The Ostwald de Waele model showed a good fi t for all formulations. The heat treatment 
applied to the mixed nectars of cashew apple, mango, and acerola resulted in higher (P<0.05) 
values of the consistency index and apparent viscosity and lower (P<0.05) values of fl ow 
behaviour index. Therefore, the formulations subjected to heat treatment were characterized 
as non-Newtonian fl uids with a pseudoplastic behaviour. Results of apparent viscosity for the 
unpasteurized formulations were well described by the linear model and for the pasteurized 
formulations by the cubic model. The increase in mass fraction of cashew apple and mango 
pulps caused an increase (P<0.05) in apparent viscosity and consistency index of nectars.
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