
cline [2]. These effects are mainly due to the heat trans-
fer to the juice during the evaporation.

Compared with traditional juice processing meth-
ods, membrane processes are low-cost and athermal
separation techniques which involve no phase change or
chemical agents. These features are becoming very
important factors in the production of new fruit juices
with natural fresh tastes and additive-free. Membrane
concentration processes, such as reverse osmosis, mem -
 brane distillation, and osmotic distillation present some
attractive potentials to overcome limitations associated
with vacuum evaporation [3]. In particular, osmotic dis-
tillation is an athermal membrane-separation process in
which the driving force of the process is given by a water
vapor pressure gradient across a ma croporous hydro -
pho bic membrane separating two aqueous solutions
having different solute concentration: a dilute solution
on one side and a hypertonic salt solution (concentrated
brine stripper) on the opposite side. The water vapor
pressure gradient determines a water vapor transfer
across the membrane pores from the high-vapor pres-
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1 INTRODUCTION

The blood orange juice is a typical Italian product char-
acterized by the presence of huge amounts of health
pro moting substances such as ascorbic acid, hydroxy -
cinnamic acids and anthocyanins [1]. Three types of this
product are mainly present on the European market:
fresh juices, obtained by simple squeezing and mild pas-
teurization (fresh squeezed), not from concentrate
juices (NFC) obtained by freezing after squeezing and
juices reconstituted from concentrate (RFC). A large part
of the market is based on the latter products, as the con-
centration process (up to 600 g/kg final concentration
of dissolved solids) allows to reduce storage volumes
(thus reducing transport and storage costs) and to facil-
itate preservation. Nevertheless, when concentration is
carried out by traditional multistep vacuum evaporation,
a severe loss of the volatile organic flavor/fragrance
components occurs, as well as a partial degradation of
ascorbic acid and natural antioxidants, accompanied by
a certain discoloration and a consequent qualitative de -
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Abstract:
Fruit juices concentrated by osmotic distillation are characterized by higher organoleptic and sensorial properties than those
of juices concentrated by thermal evaporation as confirmed by several research studies. On the other hand, no literature is
readily available about the rheological characterization of juices concentrated by osmotic distillation. This work aimed at inves-
tigate the rheological behavior of the concentrated blood orange juice prepared from the clarified juice by using thermal evap-
oration and osmotic distillation processes as a function of solids concentration in the range 115 – 614 g/kg of total soluble solids
(TSS) within a range of 20 – 70 °C. The effect of the temperature and concentration on the juice viscosity was studied. Arrhe-
nius-type correlation equations for viscosity were used to represent the temperature dependence of viscosity. Values of the
Arrhenius equation parameters (flow activation energy) were calculated for the measured viscosities of juices as a function
of concentration. Results indicated no significant differences in the rheological behavior for orange juices concentrated with
both methods. The juices exhibited a Newtonian behavior regardless of the concentration method.
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where h is the viscosity (Pas), h0 a constant (Pas), Ea the
activation energy (kJ/mol) for flow, T is the absolute tem-
perature (K), and R the gas constant (kJ/(molK)). There-
fore, the experimental data were used to derive mathe-
matical models describing the relation between para-
meters such as viscosity, concentration, temperature
and activation energy. Such models are useful in engi-
neering applications that are related to proper design
and unit operations, as well as for the understanding of
the transport process. The Arrhenius plots obtained for
both osmotic distillation and thermal evaporation sam-
ples are reported in Figures 5a and 5b, respectively. Re -
sults for both samples are summarised in Tables 2a and
2b. The activation energy increased with an increase in
soluble solids concentration. For the clarified juice con-
centrated by osmotic distillation it increased from 17.35
to 47.86 kJ/mol as soluble solids content increased from
155 to 700 TSS g/kg, respectively. A similar trend was
observed for the thermally evaporated juice where the
activation energy increased from 15.31 to 47.11 kJ/mol in
the same investigated TSS range. Similar results were
found for clarified juices [7, 21, 26, 27], liquorice extract
[22], mango juice [23], mulberry pekmez [24] and Gazian -

tep pekmez [25]. The difference between viscosity and
activation energy values for samples concentrated by
osmotic distillation and thermal evaporation was statis-
tically insignificant re vealing that various concentration
methods did not change the flow behavior.

4 CONCLUSIONS

Blood orange juice was concentrated from the ultrafil-
tered juice by using thermal evaporation and osmotic
distillation. The rheological behavior of both juices was
studied as a function of solids concentration in the
range 155 – 700 g/kg at 20 – 70 °C by using a strain-con-
trolled rheometer. The fresh juice showed its pseudo
plastic flow behavior. The ultrafiltered juice and con-
centrated juices exhibited Newtonian behavior. Differ-
ences between viscosity and activation energy values
for both concentrated juices were statistically insignif-
icant, revealing that various concentration methods did
not change the flow behavior. Useful flow parameters
were derived for modeling and optimization of juice
processing. 
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TSS  T  h  Ea  r 2
(g/kg)  (°C)  (mPas)  (kJ/mol)

700  20.0  450.0  48  0.9946
  30.0  200.0  
  40.0  110.0  
  50.0  63.0  
  60.0  36.1  
  70.0  25.2  
614  20.0  70.0  33  0.9792
  30.0  39.0  
  40.0  23.6  
  50.0  15.9  
  60.0  11.9  
  70.0  10.0  
565  20.0  33.9  30  0.9918
  30.0  19.5  
  40.0  13.4  
  50.0  9.5  
  60.0  7.2  
  70.0  5.4  
450  20.0  9.6  23  0.9960
  30.0  6.6  
  40.0  4.9  
  50.0  3.7  
  60.0  3.0  
  70.0  2.4  
265  20.0  3.0  19  0.9984
  30.0  2.3  
  40.0  1.8  
  50.0  1.4  
  60.0  1.2  
  70.0  0.9  
205  20.0  2.2  18  0.9985
  30.0  1.7  
  40.0  1.4  
  50.0  1.1  
  60.0  0.9  
  70.0  0.7  
155  20.0  1.9  17  0.9997
  30.0  1.5  
  40.0  1.2  
  50.0  1.1  
  60.0  1.1  
  70.0  0.8  

Table 2a: Total soluble solids, temperature, viscosity, and acti-
vation energy values for orange juice samples concentrated
by osmotic distillation.

TSS  T  h  Ea  r 2
(g/kg)  (°C)  (mPas)  (kJ/mol)

700  20.0  422.0  48  0.9920
  30.0  190.0  
  40.0  97.0  
  50.0  58.0  
  60.0  35.2  
  70.0  24.7  
614  20.0  71.6  34  0.9917
  30.0  38.0  
  40.0  25.3  
  50.0  17.0  
  60.0  12.2  
  70.0  9.0  
565  20.0  33.9  30  0.9931
  30.0  20.7  
  40.0  13.6  
  50.0  9.5  
  60.0  7.1  
  70.0  5.6  
450  20.0  9.4  23  0.9961
  30.0  6.4   
  40.0  4.7  
  50.0  3.7  
  60.0  2.9  
  70.0  2.3  
265  20.0  3.0  19  0.9824
  30.0  2.2  
  40.0  1.8  
  50.0  1.4  
  60.0  1.3  
  70.0  0.9  
205  20.0  2.3  18  0.9975
  30.0  1.7  
  40.0  1.4  
  50.0  1.1  
  60.0  0.9  
  70.0  0.7  
155  20.0  1.8  15  0.9812
  30.0  1.4  
  40.0  1.2  
  50.0  0.9  
  60.0  0.8  
  70.0  0.6  

Table 2b: Total soluble solids, temperature, viscosity, and acti-
vation energy values for orange juice samples concentrated
by thermal evaporation.

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org



REFERENCES
[1] Riso P, Visioli F, Gardana C, Grande S, Brusamolino A, Gal-

vano F, Galvano G, Porrini M: Effects of blood orange
intake on antioxidant bioavailability and on different
markers related to oxidative stress, J Agric. Food Chem.
53 (2005) 941 – 947.

[2] Arena E, Fallico B, Maccarone E: Evaluation of antioxi-
dant capacity of blood orange juices as influenced by
constituents, concentration process and storage, Food
Chem. 74 (2001) 423 – 427.

[3] Jiao B, Cassano A, Drioli E: Recent advances on mem-
brane processes for the concentration of fruit juices: A
review, J. Food Eng. 63 (2004) 303 – 324.

[4] Hogan PA, Canning RP, Peterson PA, Johnson RA,
Michaels AS: A new option: Osmotic distillation, Chem.
Eng. Prog. 94 (1998) 49 – 61.

[5] Nagaraj N, Patil BS, Biradar PM: Osmotic membrane distil-
lation – A brief review, Int. J. Food Eng. 2 (2006) article 5.

[6] Cassano A, Drioli E, Galaverna G, Marchelli R, Di Silvestro G,
Cagnasso P: Clarification and concentration of citrus and
carrot juices by integrated membrane processes, J. Food
Eng. 57 (2003) 15 – 163.

[7] Giner J, Ibarz A, Garza S, Xhian-Quan S: Rheology of clar-
ified cherry juices, J. Food Eng. 30 (1996) 147 – 154.

[8] Cepeda E, Villaràn MC: Density and viscosity of Malus
floribunda juice as a function of concentration and tem-
perature, J. Food Eng. 41 (1999) 103 – 107.

[9] Rao MA, Cooley HJ, Vitali AA: Flow properties of concen-
trated juices at low temperatures, Food Technol. 38
(1984) 113 – 119.

[10] Crandall PG, Chen CS, Carter RD: Models for predicting
viscosity of orange juice concentrate, Food Technol. 36
(1982) 245 – 252.

[11] Telis-Romero J, Telis VRN, Yamashita F: Friction factors
and rheological properties of orange juice, J. Food Eng.
40 (1999) 101 – 106.

[12] Guerrero SN, Alzamora SM: Effect of pH, temperature
and glucose addition on flow behaviour of fruit purees.
I: Banana puree, J. Food Eng. 33 (1997) 239 - 256.

[13] Khalil KE, Ramakrishna P, Nanjundaswamy AM, Pat-
wardhan MV: Rheological behaviour of clarified banana
juice: effect of temperature and concentration, J. Food
Eng. 10 (1989) 231 – 240.

[14] Ibarz A, Gonzáles C, Esplugas S: Rheology of clarified fruit
juices. III: Orange juice, J. Food Eng. 21 (1994) 485 – 494.

[15] Vélez-Ruiz JF, Barbosa-Cánovas GV: Rheological proper-
ties of concentrated milk as a function of concentration,
temperature and storage time, J. Food Eng. 35 (1998)
177 – 190.

[16] Telis-Romero J, Cabral RAF, Gabas AL, Telis VRN: Rheo-
logical properties and fluid dynamics of coffee extract,
J. Food Process Eng. 24 (2001) 217 – 230.

[17] Saravacos GD: Effect of temperature on viscosity of fruit
juices and purées, J. Food Sci. 35 (1970) 122 – 125.

[18] Magerramov MA, Abdulagatov AI, Azivov ND, Abdula-
gatov IM: Effect of temperature, concentration, and
pressure on the viscosity of pomegranate and pear juice
concentrates, J. Food Eng. 80 (2007) 476 – 489.

[19] Vitali AA, Rao MA: Flow behaviour of guava puree as a
function of temperature and concentration, J. Texture
Stud. 13 (1982) 275 – 289.

[20] Antunes F, Gentile L, Oliviero Rossi C, Tavano L, Ranieri GA:
Gels of Pluronic F127 and nonionic surfactants from rhe-
ological characterization to controlled drug permeation,
Colloid Surf. B 87 (2011) 42 – 48.

[21] Ibarz A, Garvin A, Costa J: Rheological behaviour of sloe
(Prunus spinosa) fruit juices, J. Food Eng. 27 (1996)
423 – 430.

[22] Maskan M: Rheological behaviour of liquorice (Glycyr -
rhiza glabra) extract, J. Food Eng. 39 (1999) 389– 393.

[23] Singh NI, Eipeson WE: Rheological behaviour of clarified
mango juice concentrates. J. Texture Stud. 31 (2000)
287 – 295.

[24] Kaya A: Rheology of mulberry Pekmez, J. Texture Stud.
32 (2001) 335 – 342.

[25] Kaya A, Belibagli KB: Rheology of solid Gaziantep Pek -
mez, J. Food Eng. 54 (2002) 221 – 226.

[26] Ibarz A, Gonzáles C, Esplugas S, Vicente M: Rheology of
clarified fruit juices. I: Peach juices, J. Food Eng. 15 (1992)
49– 61.

[27] Ibarz A, Pagan J, Miguelsanz R: Rheology of clarified fruit
juices. II: Blackcurrant juices, J. Food Eng. 15 (1992) 63 – 73.

© Appl. Rheol. 24 (2014) 63776 |   DOI: 10.3933/ApplRheol-24-63776 |   6 |

Figure 5: Arrhenius curves for samples coming from a) osmotic distillation and b) thermal evaporation (legend same as
in Figure 4).

a) b)
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