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Effects of single food components such as sodium chloride, sugars and milk protein on freeze
concentration by freezing and thawing treatment were evaluated in this study. This method has a
different concept from traditional freeze concentration whereby complete freezing is essential prior to
thawing. The concentrated fractions were separated upon thawing the frozen sample in a chamber at
10°C. Various thawing rates were obtained when thawing the food components of different
concentrations. The concentration of the solute affects the freezing point depression of the aqueous
solution. The concentration index was used to evaluate the effectiveness of freezing and thawing on
concentrating the food components within the range of 1 to 20%. The 1% of sodium chloride, glucose,
fructose, lactose and sucrose solutions were concentrated 4-5 times in the first fraction, except dextrin
(less than 2.5 times). As the concentration of the food components increased, the concentration effect
reduced as shown by the reducing index approaching unity. However, dextrin and milk protein
solutions were not effectively concentrated by freezing and thawing due to their smaller freezing point

depression.
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1. Introduction

Freeze concentration involves the partial crystallization
of water in the aqueous solution, after which the crystals
are separated from the concentrate. It possesses several
advantages: (a) low chemical deterioration due to low
microbiological and enzymatic activity, (b) no loss of
volatile aroma components and (c) low product losses [1, 2].
Freeze concentration offers various commercial applica-
tions in food industries such as coffee, fruit juice, vinegar
and dairy products. The application is not limited to the
liquid food industry, but also extended to wastewater
treatment field [3,4,5]. The major disadvantages of this
process are high capital costs and limited maximum
product concentration.

Freezing and thawing is a well-known treatment
method for conditioning and dewatering sludge [6].
Recently, we reported that suspended solids (SS) could be
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removed from POME by freezing and thawing method
with up to 70% efficiency at less than 5 m¢/min thawing
rate [7]. The effect of concentration change in thawed
POME solution after freezing and thawing treatment was
similar to that observed by Shirai and Yoshikawa [8].
They simulated the quality change in frozen food after
freezing and thawing by using vitamin Bjs. Facey and
Smith [9] studied the freezing and thawing fundamentals
and mechanisms responsible for concentration of high
strength effluents derived from Kraft pulp mill.

To our best knowledge, there is no reported work in the
literature on the use of freezing and thawing as a concen-
tration method for food components such as sodium chlo-
ride, sugars and protein solutions. This method involves
crystallization of aqueous solution, which is quite similar to
that of freeze concentration technology. The main differ-
ence between freezing and thawing and traditional freeze
concentration is that the aqueous solution is completely
frozen in the former process and then thawed under con-
trolled condition, in particular at low thawing rate. Thus,
the objective of this paper is to evaluate the effects of indi-
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vidual food components on freeze concentration after
being treated by freezing and thawing. The relative impor-
tance of the initial concentration of liquid food is

described with respect to treatment performance.

2. Materials and Methods

2.1 Materials

The following substances and chemicals used in the
work were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Sodium chloride, D-glu-
cose, saccharose (sucrose), levulose (fructose) and lactose
monohydrate (lactose) were of analytical grade. Dextrin
hydrate (dextrin) was practical grade. Aqueous solutions
were prepared by dissolving the chemicals in distilled
water: 1%, 5%, 10% and 20% (w/w) sodium chloride, 1%, 5%,
10% and 20% (w/w) glucose, 1%, 5%, 10% and 20% (w/w)
fructose, 1%, 5%, 10% and 20% (w/w) sucrose, 1%, 5% and
10% (w/w) lactose and 1%, 5% and 10% (w/w) dextrin.
Milk protein was separated from the reconstituted milk
solution by gel chromatographic separation method as
mentioned below. Whole milk powder was commercially
available product. Reconstituted milk solution was pre-
pared by dissolving 20 g of whole milk powder per 100 g of
distilled water. The whole milk powder contained in
(w/w), 12.3% total protein, 27.8% fat, 54.9% lactose, 2.2%

minerals and 2.8% moisture.

2.2 Freezing and thawing method
A sample solution of 200 g was placed in an ice cube tray

to produce ice cubes by freezing it at —18°C for more than

Freezing
(-18°C, > 12 hours)

200g 1

>

29 mm x 29 mm x 20 mm

Thawing in chamber at
10°C

Earlier fractions

Fig. 1 Experimental procedure for freezing and thawing of individual
food components.

12 hours in Sanyo home freezer, HF-6M. The size of each
ice cube was about 29 mm x 29 mm x 20 mm. The solu-
tions with high concentration such as 20% (w/w) sodium
chloride and 20% (w/w) sugars were frozen at —80°C in a
freezer, ULT-1490-9]JD (REVCO ultra-low freezer, Asheville,
NC, USA) to produce completely frozen ice cube. Frozen
sample was thawed on a wire mesh (pore size 6 mm x 6
mm) in an environmental chamber KCL-1000 (EYELA,
JAPAN) under controlled temperature at 10°C. Low thaw-
ing rate could be achieved at this thawing condition as the
concentration index increased with low thawing rate
reported in previous study [7]. The melted drips were col-
lected into 10 fractions, about 20 m¢ per fraction. The

freezing and thawing procedure is shown in Fig. 1.

2.3 Analysis

Sodium chloride concentration (%) was determined by
using an electrical conductivity meter (TOA, CM-21P).
The sugar content was measured as % Brix’ with ATAGO
hand refractometers type N-1¢ (0 — 32%) and type N-10g
(0 — 10%). Protein concentration (%) was determined by a
protein assay rapid kit (Wako, Osaka, Japan).

2.4 Determination of freezing point

A 1 liter glass vessel containing 300 m ¢ of sample solu-
tion was cooled by the coolant of ethylene glycol solution.
The temperature of the ethylene glycol solution in the tem-
perature bath was maintained at —15°C. The sample solu-
tion was constantly agitated with a stirrer (impeller diame-
ter of 8.0 cm) at 200 rpm. Figure 2 shows a schematic dia-
gram of the experimental apparatus used. The solution

motor

Beckmann’s

thermometer ’

Ny
O

sample

ethylene glycol solution (-15°C)

Fig. 2 Experimental apparatus for freezing point measurement.
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Table 1
chloride, sugars and milk protein at various concentrations.

Freezing point depression and thawing rate of sodium

Solution Freezioncg point Thz:;lhii/nrﬁil;ate

Salts

1% NaCl -0.64 1.94

5% NaCl -3.17 2.88
10% NaCl -7.20 3.62
20 % NaCl - 4.06
Sugars
a) monomer

1% Glucose -0.13 1.50

5% Glucose -0.63 1.75
10% Glucose -1.28 2.05
20 % Glucose -2.79 2.40

1% Fructose -0.12 1.69

5% Fructose —-0.57 1.88
10 % Fructose -1.26 2.15
20 % Fructose -2.96 3.63
b) dimer

1% Sucrose -0.07 1.63

5% Sucrose -0.31 1.78
10 % Sucrose -0.66 2.20
20 % Sucrose -1.63 2.94

1% Lactose -0.06 1.86

5% Lactose -0.34 1.95
10 % Lactose -0.67 2.15
¢) oligomer

1% dextrin - 0.98

5% dextrin - 1.26
10 % dextrin - 1.80
Protein
0.03 % milk protein - 1.30
0.2 % milk protein - 1.10

temperatures were measured by a Beckmann’s ther-
mometer. Temperatures could be measured to within
0.01°C. The thermometer was initially calibrated using
distilled water at 0°C. The temperature plateau was
recorded from which the freezing point temperature of the
sample was deduced. The measured freezing point of the
aqueous solutions is shown in Table 1.

2.5 Determination of thawing rate and concen-
tration index

An example of time course for the cumulative volume of
melted solution and concentration for each collected frac-
tion is shown in Fig. 3. All the samples were completely
frozen at —18°C or —80°C prior to thawing. The thawing
rate was determined by the slope (AY/AX) of the plot for
sample cumulative volume versus time, as shown in Fig. 3.
The thawing rate of the food component is shown in Table 1.

The concentration index is given as:
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Fig.3 Time course for the concentration profile and cumulative
volume of melted sample solution with 1% NaCl solution
during the thawing process.
1st phase = Initial thawing phase, 2nd phase = Constant
thawing phase and 3rd phase = Final thawing phase.

Concentration of each fraction
Concentration of original solution

(6Y)

Concentration Index =

2.6 Desalting of milk protein by gel chromatog-
raphy

The desalting of milk protein was carried out by the
same method as reported in the previous paper [10]. The
column used was a glass chromatography column (type
ILC-A11-750, KIRTYAMA, Japan) of 1.1 cm in diameter
and 75.0 cm in length. Cellulofine GCL-2000c was pur-
chased from SEIKAGAKU Co. (Japan). A 5 m ¢ sample was
loaded into the column and eluant (distilled water) was fed
at a flow rate of 1 m¢/min. The void fraction was deter-
mined as mentioned previously [10] and it was approxi-
mately 0.4. The concentration profiles of the elution
curves were determined in order to identify the milk pro-

tein fractions.

3. Results

3.1 Concentration of sodium chloride solution
The effect of different concentrations of sodium chloride

on freeze concentration is shown in Fig. 4. The concentra-

tion index decreased with increasing concentration of

sodium chloride. It was found that more than 4.5 times con-
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Fig.4 Concentration profile of NaCl after freezing and thawing.

centrated sodium chloride solution could be obtained in
the first fraction of 1% solution. A 20% solution was not con-
centrated as shown by the concentration index approach-
ing unity from fraction no. 1 to no. 8. Similar experiments
were carried out at freezing temperature of —80°C and
thawing temperature of 17-18°C (room temperature),
respectively. It was found that the concentration index
was not affected by freezing the sample solution at —18°C
or —80°C (data not shown). Thawing the sample at 10°C or
room temperature showed similar result to that reported in
our previous study [7].

3.2 Concentration of sugars solution

The concentration effects of 1%, 5%, 10% and 20% glucose,
fructose, sucrose, lactose and dextrin solutions were eval-
uated. These sugars could be divided into 3 groups based
on their molecular weight or size, i.e. glucose and fructose
(M.W = 180.16 g as monomer), sucrose and lactose (M.W
= 342.3 g and 360.13 g as dimers respectively), and finally
dextrin as oligomer.

The concentration profiles for glucose and fructose are
shown in Figs. 5 and 6, respectively. The concentration
index decreased with increasing order of sample’s concen-
tration. The 1% glucose and fructose solutions were con-
centrated 4.4 times and 4.7 times, respectively, in the first
fraction. Most solutes or soluble substances were concen-
trated in fraction no. 1 and 2, which is most significant for
1% solution. More than 2 times concentrate could be
obtained by freezing and thawing of 20% solution. The melt-
ed solutions of low concentration index (less than 1) were
obtained in all fractions after fraction no. 3, except 20%
solution. For the 1% glucose and fructose solutions, low
level of sugar content (about 1%) remained in fraction no. 9
and 10.

Similar concentration effect was observed in sucrose and

lactose solutions. Increasing the concentration of the solution
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Fig. 5 Concentration profile of glucose after freezing and thawing.
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Fig. 6 Concentration profile of fructose after freezing and thawing.
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Fig. 7 Concentration profile of sucrose after freezing and thawing.
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Fig. 8 Concentration profile of lactose after freezing and thawing.
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Fig.9 Concentration profile of dextrin after freezing and thawing.

resulted in lower concentration index, as can be seen in
Figs. 7 and 8, respectively. The 1% lactose solution achieved
higher concentration index as 5 in the first faction, as com-
pared to the 1% sucrose with concentration index of 4.4.
However, the index reduced to 3 for 5% lactose solution,
which was lower than that of 5% sucrose solution (concen-
tration index = 3.9).

Dextrin was not concentrated effectively as compared to
glucose, fructose, sucrose and lactose by freezing and
thawing, as shown by low concentration index in Fig. 9.
There was almost no concentration for dextrin solution,
except the first fraction of 1% dextrin, which was concen-
trated by 2.3 times. More than 50% of the dextrin
remained in the last fraction, which means low concentra-

tion effect on dextrin solution by freezing and thawing.

3.3 Concentration of milk protein

Low concentration index was observed in milk protein
by freezing and thawing. Protein concentration increased
from first fraction to last fraction, which showed different
result as compared to other aqueous solutions. The
solution of 0.03 % milk protein was concentrated less
than 2 times for the final fraction as shown in Fig. 10.

=O==0.03%

={1=0.20%

Index [

Fraction [-]

Fig. 10 Concentration profile of milk protein after freezing and
thawing.

Furthermore, no concentration was observed for the solu-

tion of 0.2 % milk protein.

4. Discussion

The thawing rate increased with increasing concentra-
tion of food components, irrespective of the type of food
components. Sodium chloride solutions showed higher
thawing rate than sugars and protein solutions (Table 1).
Sodium chloride solution has greater impact on freezing
point as compared to non-electrolytes such as sugars at the
same concentration (% in weight), due to its ionic charac-
teristic in water (ion concentration of 1 molar sodium
chloride solution = 2 moles). Dextrin and milk proteins are
larger particles that have little influence on freezing point.
In addition to that, milk protein is slightly soluble in water
at freezing temperatures, thus having minimal effect on
freezing point. Therefore, the freezing points of dextrin and
milk protein solutions are assumed to be near 0°C.

In this study, most of the concentration occurred within
the first to third fractions of the tested food components,
except 10% (w/w) dextrin and milk protein solutions. As
reported by Shirai and Yoshikawa [8], the concentration of
vitamin Bjz decreased from earlier melted fractions
towards latter melted fractions after addition of sodium
chloride. The concentrated portion was believed to thaw
first followed by the ice directly adjacent to it, due to the
differences in density of the concentrate and ice, as
reported by Facey and Smith [9]. The presence of sodium
chloride influenced the mechanism of freezing and thawing
by lowering the freezing point of the solution. The freezing
point depression increases with increasing sodium chlo-
ride and sugars concentration. According to Martel [11],
transition from planar to dendritic crystal growth occurs in
alum sludge with sodium chloride concentration greater
than 100 mg/¢ (0.01%). Therefore, the growth of dendritic
crystal during the freezing of sodium chloride and sugar
solutions is expected, as the freezing point becomes
lower. These dendritic ice crystals melted upon thawing, to
form channels that allow the concentrate to be drained out
as earlier fractions. In our assumption, the dendritic crys-
tals grow into more fine and tiny structures as the concen-
tration of the solution increases. This is because more sur-
face area is needed for heat transfer at lower freezing point.
These fine and tiny ice crystals do not form channel upon
thawing. Conversely, melting of these fine ice crystals has
diluted the concentrate. Therefore, low concentration
index was obtained at high concentration solution.

In contrast, the concentrated milk protein fractions
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were obtained at the end of the melting process of the
0.03% milk protein solution (as shown in Fig.10). Milk pro-
tein was separated by gel chromatography in order to
remove salts and other components which may affect the
freezing and thawing mechanism. As mentioned above,
milk protein has little affect on freezing point, which
means no freezing depression occurs during freezing.
Ice crystals grow in planar form, resulting in rejection
of milk protein into the center part of the frozen ice
cube. Therefore, low concentration milk protein solution
drained out as first fraction. This phenomenon was similar
to the freezing and thawing of vitamin B2 without addition
of sodium chloride [8].

5. Conclusions

Sodium chloride and some sugar solutions can be suc-
cessfully concentrated by freezing and thawing. It has
been shown that the initial concentration affected the
freeze concentration of the single food component. Most of
the concentrated food components were in the fractions
no. 1, 2 and 3. The 1% sodium chloride, glucose, lactose,
sucrose and fructose solutions achieved concentration
index of 4 - 5. Based on the experimental results, it is high-
ly probable that freezing point depression affects the
freeze concentration of the aqueous solutions by freezing
and thawing. Since dextrin and milk protein solutions
have no freezing point depression, they were not effectively
concentrated by freezing and thawing. However, it is still
difficult to understand the concentration effect in the
more complex aqueous solution, such as fruit juices and
other beverages. Further study on freezing and thawing of
food components have to be extended to more complex
food component models such as combination of sodium
chloride and sugars or sodium chloride and protein, simu-
lated liquid food models and actual liquid foods, to reveal
the mechanism of the freeze concentration with freezing
and thawing.
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