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In freeze concentration operations the fluids remain at temperatures below 0 �C. For a good study of this
concentration operation is very important to know the values of freezing point. The aim of this work was
to establish a model that predicts the freezing point of fruit juices at various concentrations within the
range of interest for freeze concentration (10–40 �Brix). The model proposed relates the freezing point
of a juice with the concentrations of main sugars present in the juice: sucrose, glucose and fructose.
The freezing point of apple juice, pear juice and peach juice was determined experimentally at various
concentrations, and experimental results were well correlated with model calculations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Juices are of great importance in the fruit processing industry.
During processing, the juices are subjected to various operations,
such as cold storage or freezing and concentration. The latter oper-
ation is performed in order to reduce transport costs and increase
shelf life.

The juices are usually concentrated by evaporation, but the high
processing temperatures used are known to damage heat-sensitive
components and reduce the organoleptic properties of the juice
(Chin et al., 2009; Polydera et al., 2003). Therefore membrane tech-
niques are used as a first concentration step in some industrial
applications.

Freeze concentration process has been widely studied (Auleda
et al., 2009). This technique involves the removal of water as ice
crystals by cooling the fluid to be concentrated at temperatures be-
low the freezing point (Raventós et al., 2007; Hernandez et al.,
2010). The concentration of juices using this technique has proven
highly efficient in maintaining the organoleptic properties and
vitamin C (Braddock and Marcy, 1985, 1987; Liu et al., 1999;
Ramos et al., 2005). According to Sánchez et al. (2009) the
concentrations achieved for fruit juices are around 30 �Brix for
plate-based systems and between 45 and 55 �Brix for systems
based on suspension crystallisation.

Several researchers state that the freezing point and viscosity of
the fluid to be concentrated are the main variables for the freeze
ll rights reserved.

ntós).
concentration process (Heldman and Lund, 1992). This is partly be-
cause these variables have a direct influence on the efficiency of
the process and partly because other important parameters can
be calculated based on the freezing point and viscosity. A number
of correlations have been published that relate physical properties
such as the density of the ice formed, the carbohydrate density, the
specific heat and the thermal conductivity to freezing point and
viscosity (Choi and Okos, 1986; Chen and Chen, 2000).

These physical properties are of importance to study the freeze
concentration process and to design or scale-up equipments.

The viscosity of concentrated juices can be predicted by correla-
tions similar to the Arrhenius-equation which predict the depen-
dence on temperature (Saravacos, 1970; Rao et al., 1984; Ibarz
et al., 1994, 1996) or both the dependence on temperature and
on concentration (Ibarz et al., 2009). In this work a model has been
established to predict the freezing point of fruit juices. This data
could be used for calculation of the freeze concentration process.
2. Material and methods

2.1. Analysis of the fruit juices

The levels of fructose, glucose and sucrose in the fruit juices
were determined by high resolution liquid chromatography
(Beckman HPLC, San Ramon) with a Spherisorb NH2 column
(25 � 0.4 cm), and with acetonitrile: water (75:25) as mobile
phase. The flow rate was 1.5 mL per minute and the injection vol-
ume was 20 lL. Analyses were performed in triplicate and were
expressed as mass%.
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2.2. Preparation of samples for freezing point determination

Concentrated clarified and depectinized juices of peach, apple
and pear were used in this study. The juices had initial concentra-
tions of 70 �Brix and had been produced by multiple-effect evapo-
ration with mechanical vapour recompression. They were supplied
by Nufri (Lleida, Spain). From these juices dilutions of 10, 15, 20,
25, 30, 35 and 40 �Brix were prepared with distilled water.

The concentration of soluble solids in the samples was mea-
sured with a refractometer (Atago DBX-55, Japan) at a temperature
of 20 ± 0.5 �C. Samples were kept refrigerated at 2 �C until the start
of the trials.

2.3. Installation and experimental method for freezing point
determination

The experimental set up used (Fig. 1) consist of four closed test
tubes (1) with 10 mL of sample. These were immersed in a cryostat
(POLYSCIENCE model 9505 – United States; temperature range:
�30 to 150 �C; temperature stability: ±0.05 �C; readout accuracy:
±0.5 �C) (2), filled with a mixture of laboratory grade ethylene gly-
col and water at �10 �C (3). Thermocouples type K contact probe
(4) with a NiCr–NiAl sensor with precision of ±0.7 �C and a mea-
surement range of �50 to 1000 �C (previously calibrated with dis-
tilled water) were placed inside each test tube (5). The probes were
connected to a data logger ‘‘Testo Comfort Software Basic’’ (6) that
recorded temperature every 15 s storing data on a computer (7).
For each test the four tubes were filled with the same liquid, so that
results were obtained in quadruple.

2.4. Verification of the method for determining the freezing point

The freezing point of sucrose, glucose and fructose was deter-
mined. Experimental results were then compared with literature
data.

The sugars used were:

D(�)-fructose, purity at least 99.5%, Sigma

D(+)-glucose anhydrous, purity 99.0%, A-ACS Panreac Quimica,
SA

Sucrose (cane sugar), purity at least 99.5%.

After calibrating the probes with distilled water, the freezing
points of fructose, glucose and sucrose were obtained, as described
above. The values obtained were corrected to the values found in
literature (Lide, 1995).
Fig. 1. Experimental set-up for meas
2.5. Models for predicting the freezing point

Chen (1986) presented two general models for predicting the
freezing point of solutions (1 and 2):

Model 1 – for ideal solutions (Schwartzeberg, 1976)

MS ¼
KXS

ð1� XSÞ � Dt
ð1Þ

where MS is the molecular weight of the solute, Xs is the mass frac-
tion of solute in kg/kg solution, K, 1000 Kf and Kf is the molal freez-
ing point depression that is constant for water (Kf = 1.86 �C kg/mol),
Dt, freezing point depression.

Model 2 – To correct for the non-ideal behaviour of solutions at
higher concentrations, the variable b is introduced in the denomi-
nator of Eq. (1), as shown in Eq. (2).

MS ¼
KXS

ð1� XS � bXSÞ � Dt
ð2Þ

where b is a variable to correct the non-ideal behaviour.
This last equation contains two unknown variables (MS and b),

which can be determined when two pairs of XS and Dt values are
known, which should be chosen at concentrations of approxi-
mately 10% and 30%. For juices, which contain various solutes with
different molecular weight, the value of MS determined by this ap-
proach is called the Effective Molecular Weight (EMW, kg/kmol) of
the juice.

Model 3, described by Chen et al. (1996) modifies the previous
model and introduces C as ‘‘concentration coefficient’’:

MS ¼
KXSð1þ CXSÞ
ð1� XSÞ � Dt

ð3Þ

Model 1 should not be used to predict the FPD of fruit juices, be-
cause fruit juices do not show ideal behaviour. This model would
only be appropriate for dilute solutions of fruit juices with sugar
concentrations below 10%

Models 2 and 3 can be used to make predictions of the FPD of
juices at various concentrations, once the FPD is known for two
concentrations, around 10% and 30%. Unfortunately, for most juices
these data are not available.

3. Results and discussion

3.1. Composition of the juices

Table 1 shows the results for the relative concentrations of the
three most important sugars in the juices, obtained by HPLC.
uring freezing point depression.



Fig. 2. Schematic diagram of cooling curve.

Table 2

J.M. Auleda et al. / Journal of Food Engineering 105 (2011) 289–294 291
Based on the relative concentrations of the sugars in the juice,
the equivalent molecular weight of each juice can be calculated
by the following equation:

pf ¼
%f �mf

100
pg ¼

%g �mg
100

pg ¼
%s �ms

100

Msequi ¼ pf þ pg þ ps ð4Þ

where %f, %g, and %s are the percentage of fructose, glucose, and su-
crose respectively, obtained from HPLC analysis. mf, mg and ms, are
the molecular weight of fructose, glucose and sucrose respectively,
which are 180.16, 180.16 and 342.3 g/mol. Msequi is the equivalent
molecular weight of the juice.Based on the values in Table 1, the fol-
lowing equivalent molecular weights are obtained for the apple
juice, pear juice and peach juice tested (g/mol):

Msequi;Apple ¼ 206 g=mol
Msequi;Pear ¼ 194 g=mol
Msequi;Peach ¼ 271 g=mol
Freezing points versus concentration for pear juice, apple juice and peach juice.

�Brix Apple juice Pear juice Peach juice
T (�C) T (�C) T (�C)

10 �1.07 �1.05 �1.00
15 �1.74 �1.80 �1.60
20 �2.50 �2.50 �2.05
25 �3.20 �3.60 �2.70
30 �4.10 �4.30 �3.25
35 �5.20 �5.50 �4.20
40 �6.70 �6.60 �5.60
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Fig. 3. Freezing point as function of concentration for apple juice, pear juice and
peach juice.
3.2. Freezing point (DTf)

The freezing points at various concentrations were determined
based on the cooling curves of each sample, as shown in Fig. 2.

The lowest temperature of the freezing curve indicates the
beginning of the formation of ice crystals (nucleation). This is fol-
lowed by a temperature increase due to the latent heat of the
phase change. The highest temperature reached after this temper-
ature increase is the freezing point of the sample, associated with
the growth stage of ice crystals (crystallization). The difference be-
tween the freezing point and the lowest temperature reached is
called subcooling.The freezing points at different concentrations
expressed in �Brix are shown in Table 2 and Fig. 3.

As expected, the freezing point of the juices decreases with
increasing concentration. The differences observed between the
juices are attributed to (1) differences in relative concentrations
of the three main sugars (fructose, glucose and sucrose), (2) differ-
ences in total solid concentrations, and (3) other characteristics of
the juices, not explicitly considered.

(a) Values calculated by Eq. (2), b = 0.14 and MS = 180.16
(b) Values calculated by Eq. (2), b = 0.18 and MS = 180.16
(c) Values calculated by Eq. (2), b = 0.28 and MS = 342.3

Fig. 4 shows the curves for freezing point versus concentration
obtained for apple juice, pear juice and peach juice compared to
the theoretical upper limit (sucrose) and lower limit (glucose). It
is clear from this graph that the curve for peach juice is relatively
close to that of sucrose, which corresponds to the relatively high
level of sucrose present in peach juice. On the other hand, the curve
of pear juice is relatively close to that of glucose, which corre-
sponds to the relatively high level of monosaccharides present in
pear juice.

3.3. Determining the correlation

The results of Fig. 4 indicate that the proportion of monosaccha-
rides to disaccharides plays a determining factor in the relation
Table 1
Proportion of sugars in fruit juices.

% Peach Apple Pear

Glucose 18.80 ± 0.20 22.00 ± 0.16 39.00 ± 0.30
Fructose 25.50 ± 0.15 62.00 ± 0.22 52.50 ± 0.03
Sucrose 55.70 ± 0.25 16.00 ± 0.30 8.50 ± 0.40
between freezing point and concentration. Based on this finding,
a correlation is proposed that predicts freezing point for each juice
as a function of the equivalent molecular weight of the juice com-
pared to the molecular weights of glucose and sucrose.

MS�S �MS�G

MS�m �MS�G
¼ TS;Bx � TG;Bx

Tm;Bx � TG;Bx
ð5Þ

where MS–S, MS–G, and MS–m are respectively the molecular weights
of sucrose, D-glucose and the juice studied obtained by Eq. (4). TS,Bx

and TG,Bx are respectively the freezing points of sucrose and glucose
at the concentration (�Brix) of interest (Chen, 1986). Tm,Bx is the esti-
mation of the freezing point at the concentration (�Brix) of interest.

In the following sections the results are presented for the freez-
ing points of apple juice, pear juice, and peach juice based on Eq.
(5) and the values of Table 3.
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Fig. 4. Freezing point of the juices compared to the theoretical upper limit (sucrose)
and lower limit (glucose).

Table 3
Freezing point of D-fructose, D-glucose and sucrose at various concentrations.

�Brix Fructose (a) Glucose (b) Sucrose (c)

10 �1.165 �1.171 �0.623
15 �1.868 �1.882 �1.009
20 �2.675 �2.703 �1.461
25 �3.610 �3.661 �1.998
30 �4.707 �4.794 �2.646
35 �6.012 �6.156 �3.445
40 �7.591 �7.821 �4.454
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Fig. 5. Freezing points of apple juice calculated using Eq. (5) compared with
experimental results.

Table 4
Freezing points of apple juice calculated using Eq. (5) compared with experimental
results.

�Brix T measured T estimated |test � tm| % Error
tm (�C) test (�C)

10 �1.07 �1.08 0.01 0.93
15 �1.74 �1.74 0.00 0.00
20 �2.50 �2.50 0.00 0.00
25 �3.20 �3.29 0.09 2.81
30 �4.10 �4.44 0.34 8.29
35 �5.20 �5.71 0.51 9.81
40 �6.70 �7.28 0.58 8.66
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Fig. 6. Freezing points of pear juice calculated using Eq. (5) compared with
experimental results.

Table 5
Freezing points of pear juice calculated using Eq. (5) compared with experimental
results.

�Brix T measured T estimated |test � tm| % Error
tm (�C) test (�C)

10 �1.05 �1.12 0.07 6.67
15 �1.80 �1.81 0.01 0.56
20 �2.50 �2.60 0.10 4.00
25 �3.60 �3.52 0.08 2.22
30 �4.30 �4.61 0.31 7.21
35 �5.50 �5.92 0.42 7.64
40 �6.60 �7.54 0.94 14.24
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3.3.1. Apple juice
Fig. 5 and Table 4 show the results of applying Eq. (5) for Apple

juice. It is clear that the equation gives a very good prediction for
concentrations up to 25 �Brix and a fair prediction for concentra-
tions up to 40 �Brix. The standard deviation of the whole set is
sapple = 0.34 �C.

3.3.2. Pear juice
Fig. 6 and Table 5 show the results of applying Eq. (5) for pear

juice. It is clear that the equation gives a good prediction for con-
centrations up to 25 �Brix and a fair prediction for concentrations
up to 40 �Brix. The standard deviation of the whole set is
spear = 0.44 �C.

3.3.3. Peach juice
Fig. 7 and Table 6 show the results of applying Eq. (5) for peach

juice. It is clear that the equation gives a fair prediction for the
whole range of concentrations up to 40 �Brix. The standard devia-
tion of the whole set is speach = 0.29 �C.

Fig. 8 shows the freezing points of glucose and sucrose. The
freezing point of any juice should be in the area between the two
curves. A good fit is obtained with the proposed model. The esti-
mated freezing point values are very similar to those obtained
experimentally for juices studied. Similar errors were obtained
by Chen (1988) in a model to estimate the freezing point of orange
juice. Shamsudin et al. (2005), provides the following experimental
measured values for guava juice: 10 �Brix, glucose (%) 1.38 ± 0.15;
fructose (%) 1.66 ± 0.11; sucrose (%) 0.74 ± 0.01 and freezing point
(�C) �1.07 ± 0.02. With these data, the freezing point of guava juice
have been estimated using the proposed correlation. A freezing
point of �1.06 �C has been obtained and this value is agree with
the experimental one.

Similar models for estimating the freezing point of fruit juices
have not been found in the literature. Different freezing points val-
ues for fruit juices have been consulted. These values are in what
has been called ‘‘juice zone’’ (area between the freezing point
curves of glucose and sucrose) in Fig. 8. This fact has also been ver-
ified in tests of Telis and Telis-Romero (2007), Chen et al. (1990)
and Lerici et al. (1983).
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Fig. 7. Freezing points of peach juice calculated using Eq. (5) compared with
experimental results.

Table 6
Freezing points of peach juice calculated using Eq. (5) compared with experimental
results.

�Brix T measured T estimated |test � tm| % Error
tm (�C) test (�C)

10 �1.00 �0.86 0.14 14.00
15 �1.60 �1.39 0.21 13.13
20 �2.05 �2.05 0.00 0.00
25 �2.70 �2.73 0.03 1.11
30 �3.25 �3.60 0.35 10.77
35 �4.20 �4.65 0.45 10.71
40 �5.60 �5.94 0.34 6.07
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4. Conclusions

Based on the relative concentrations of sugars (glucose, fructose
and sucrose) present in a juice, an equivalent molecular weight can
be calculated for the juice. A correlation was proposed to estimate
the freezing point of the juice based on this equivalent molecular
weight. The main use of the correlation is: for a particular concen-
tration (10–40 �Brix) the FPD at this concentration can be get.

When plotting the curves of freezing point versus concentration
(in �Brix), it was found that the curves for apple juice, pear juice
and peach juice are in the area between the curves for sucrose (a
disaccharide) and glucose (a monosaccharide). It is assumed that
the same behaviour will be observed for all other juices.

When comparing the freezing points calculated by the correla-
tion proposed in this work with experimental results, the standard
deviations for all the observations in the range of 10–40 �Brix were
0.34, 0.44 and 0.29 �C for apple juice, pear juice and peach juice,
respectively.

The relative errors in the freezing points calculated for the
juices studied show generally values lower than 5% in the region
of 15–25 �Brix and values of about 10% in the area of 25–40 �Brix.
These differences are considered acceptable for performing engi-
neering calculations and in pre-studies on a freeze concentration
process. The estimates in this study have yielded correlations as
a function of temperature and this will provide useful information
in the study of freeze concentration.
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