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A 25L-scale tubular ice system for progressive freeze-concentration was constructed and combined with
a 75L-scale partial ice-melting system for yield improvement. From the measurement of freezing point of
various fruits juices, nine standard operation programs were prepared in cooling and circulation flow
rate for the tubular ice system. The standard programs were successfully tested for progressive freeze-
concentration of sucrose solutions with concentration varied from 3 to 30%. By choosing one of the

standard program, apple juice was effectively concentrated from 12.8 to 21.0 “Brix with 79.0% yield,
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which was improved to 90% by recovering the 30% of the initially-melted fractions by using the partial
ice-melting system. The tubular ice system can be easily scaled-up more, if necessary, simply by
increasing the number of tubes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Freeze-concentration has been known as the best concentration
method in terms of preserving original quality in the concentrated
product (Beshpande et al, 1982) among the methods for concen-
tration including evaporation and membrane technique. However,
the conventional method for freeze concentration, known as sus-
pension crystallization (SC) (Huige and Thijssen, 1972), requires a
complicated system and a high capital cost so that its practical use
is still limited for concentration of liquid food. Moreover, this sys-
tem is applicable only to a large system because its operation mode
is limited only to continuous mode with a long residence time.

Progressive freeze-concentration (PFC) is an alternative freeze
concentration method where only a single ice crystal is formed on a
cooling plate (Matthews and Coggeshall, 1959; Shapiro, 1961). This
makes the system much simpler than SC so that the operation
mode and the production scale are much flexible as compared with
SC. We started from a cylindrical test apparatus for PFC to show its
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effectiveness for high quality concentration (Liu ef al,, 1897, 1999)
and established theoretical basis for PFC based on the concentra-
tion polarization model (Miyawaki et al., 1998).

As for a scale-up for PFC, a falling film reactor has developed
(Flesland, 1995) and has applied for concentration of variety of
liquid food (Hernandez et al, 2009, 2010; Sanchez et al., 2010;
Sanchez et al, 2011). In this system, the ice crystal grows on a
vertically placed cooling plate on which the solution to be
concentrated flows as a falling film. Although this system is simple,
the limited liquid flow rate on the cooling surface may result in
limited mass transfer between the ice and liquid phases to limit the
separation efficiency (Miyawaki et al, 1998). In addition, this
reactor has an open air surface which could lead to the loss of
volatile flavor components. Therefore, a closed tubular ice system
with a circulating flow was developed for the scale-up of PFC,
which provides a good mass transfer and a controlled heat transfer
in a closed system (Miya@aki et al, 2005). This system is expected
to give a high separation efficiency and a high-quality for the
concentrated product especially in the retention of volatile flavors
(Miyawaki et al., 2012, 2016; Gunathilake et al,, 2014a).

The major drawback in PFC system is the decrease in yield with
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an increase in the concentration, or osmotic pressure, of sample
because of the solute inclusion into the ice phase (Gu et al., 2005).
To overcome this problem, we proposed partial ice-melting tech-
nique (Miyawaki et al, 2012), where the principle in the classical
freezing—thawing technique was effectively applied.

In the freezing—thawing process, the initially melted fractions
after freezing contains the higher concentration of solute than the
latterly melted fractions. This principle has been applied, as a block-
ice technique, in desalination from sea water (jchnson, 1993;
Khawaii et al, 2008; Mandri et al, 2011; Rich et al, 2012) and
various applications in industrial purpose have been explored (Yee
et al, 2003, 2004; Nakagawa et al, 2009, 2010ab; Moreno et al.,
213, 2014ab). Only by freezing—thawing, however, concentra-
tion efficiency is limited so that multiple operations are inevitable
(Aider and Gunis, 2012) to obtain a highly concentrated product,
which requires a high energy consumption in the process.

To improve the efficiencies in separation and energy, a combi-
nation of freezing—thawing technique with PFC will be an attrac-
tive option. In the previous paper, we successfully combined the
partial ice-melting (PIM) technique with PFC to improve the yield
(Miyawald et al, 2012). Then, we made a test apparatus for the
melting of ice under the controlled conditions in temperature and
stirring speed and applied it to improve the yield in PFC by the
tubular ice system (Gunathilake et al,, 2014b). In the present paper,
we report on the integrated PFC system combined with PIM system
for improvement in yield.

2. Experimental method
2.1. Materials

Apple fruits (Malus domestica Borkh. ‘Senshu’, and ‘Shusei’),
grape fruits (Vitis Labruscana Bailey 'Kyoho', and ‘Ruby roman’), and
melon (Cucumis melo L. 'Earl's Favorite') were grown and harvested
in Ishikawa Agriculture and Forestry Research Center. After har-
vesting, the fruits were crushed with addition of ascorbic acid at
0.2%, if necessary, strained by pulper finisher (Sun Food Machinery,
Tokyo), treated with 0.4% pectin-degrading enzyme (Sucrase N,
Mitsubishi Chemical Foods, Tokyo) for 2 h at 40 °C, and filtrated for
clarification by a filter press (M200, Makino, Aichi). After the
filtration, the fruits juice was packed and heated for 10 min in
boiling water for inactivation of the added enzyme and steriliza-
tion. Pineapple juice (variety unknown) and pear juice (Pyrus
Communis L. ‘La France’) were kindly gifted by Kakoh Fruits and
Flavors, Tokyo.

2.2. Measurement of freezing point of fruits juices

Freezing point of fruits juices were measured according to our
previous method (Miyawaki et al., 1997) with a little modification.
The sample (3 mL) in a plastic tube (15 mm in diameter), equipped
inside with a thermistor (0.01 °C in accuracy: D641, Takara
Thermister, Yokohama), was frozen completely at —20 °C in a
cooling bath (NCB-3200, Eyela, Tokyo) and then warmed to melt in
the atmosphere at room temperature with stirring by a vortex
mixer. The change in the temperature was recorded by a recorder
(PRR-5021, Toa DKK, Tokyo). Freezing point depression was deter-
mined from the melting curve. Freezing point of the sucrose solu-
tion was obtained from the literature (\Weast, 1974).

2.3. Progressive freeze-concentration

A vertically placed tubular ice system (Mivawaki et al, 2003)

with circulating flow, newly constructed by us, was used for PFC.
This system is composed of two straight jacketed pipes (2.3 m long,
72.3 mm in diameter), a bent pipe to combine straight pipes, a
pump for circulation (E2H, Toste, Tokyo), and a feed tank. The
apparent total capacity of the tubular reactor was 25.0 L.

Sucrose solutions and apple juice (Malus domestica Borkh.
‘Senshu’) were used as samples to be concentrated. A sample,
introduced into the PFC system, was circulated and cooled, from
the jacket-side at the straight pipe, by a coolant, the temperature
of which was controlled by a controller and a refrigerator (SCS-
5.5HW-M, Step-Science, Tokyo) to form ice crystal on the inner
surface of the pipe. The jacket temperature (0 to —25 °C) and the
circulation flow rate (7—35 t/h) were controlled by a program
with computer. The flow rate at 29.6 t/h corresponds to the linear
velocity at 2 m/s in the tubular ice system when no ice exists
inside.

Concentration process was controlled by a program for the
coolant temperature and the circulation flow rate measured by an
electromagnetic flow meter (Promag 50H, Endress Hauser Japan,
Tokyo). Concentration process was monitored by a thermister
placed inside the tube, which measured the change in freezing
point depression along with the concentration process. The ice
crystal volume formed in the system was estimated from the
effluent liquid volume from the system because of the inflation in
volume (8.5%) accompanied with the phase change from water to
ice.

For the PFC-concentration of high-concentration sucrose solu-
tion and apple juice, which has a relatively high osmotic pressure,
the seed ice lining step was necessary to prevent the initial
supercooling for obtaining the higher yield (Liu et al, 1998;
Miyawaki et al, 2005). For this purpose, pure water was firstly
introduced into the tubular system to form a small amount of seed
ice on the cooling plate. Then the water was discharged and the
precooled sample was introduced into the system to start PFC-
concentration. After the concentration process, the concentrated
solution was taken out from the bottom of the system. Then, the
coolant temperature was raised up to 20 °C to melt the ice surface
formed in the system. The ice slid out gravimetrically from the
bottom of the vertically placed tube.

The concentration in Brix was analyzed for the original solution,
the concentrate after PFC-concentration, and the melted ice by a
refractometer (APAL-1, As One, Osaka). The yield based on Brix was
obtained by the following equation.

Yield = Ccochcom:/(Cconcvconc “H Cicevice) (1)

where Ceone and Ciee, are concentrations in Brix in concentrated
solution phase and ice phase, respectively, and V ync and Vi are
volumes in those phases after melting.

2.4. Partial ice-melting system

After PFC-concentration, the ice, slidden from the bottom of the
tube, was broken in pieces and transferred by a conveyer to the
partial ice-melting (PIM) system (75 L in volume equipped with a
stirrer inside) with a jacket and the ice was melted with a gentle
stirring at a controlled temperature in the jacket side by a circulator
(LTC-1200A, As One, Osaka).

Fig. 1 shows the whole picture of the integrated system of the
PFC system by the tubular ice system ((®) and the PIM system (®)
for yield improvement. These two systems are combined with a
conveyer (®) to transfer ice.
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Fig. 1. Integrated system for progressive freeze-concentration by tubular ice system
(@) combined with partial ice-melting sytem (®@) for yield improvement. The two
systems are combined with a conveyer (®) to transfer ice.

3. Results and discussion

3.1. Freezing point of fruits juices and determination of program for
tubular ice system

Table T shows the concentrations in Brix and freezing points of
various fruits juices tested here. Concentration varied from 9.5 to
19.5 °Brix and freezing point changed accordingly from —0.85
to —2.46 °C. Fig. 2 shows the freezing point of fruits juices and
sucrose solutions and its relationship with concentration in Brix.
Good linear correlations were observed for fruits juices and sucrose
solutions, respectively, although the correlations are little different
between the two. Fruits juices showed a little higher freezing point
depression than pure sucrose solutions probably because of the
effect of components other than sugars, such as organic acids
(Miyawaki et al., 2016).

In PFC, the freezing point is the ultimately important parameter
to determine the cooling program. From the data in Fig. 2, three
modes in cooling program were determined as shown in Fig. 3
which corresponds to 3%, 10%, and 30% sucrose solutions, respec-
tively. As for the circulation program, three modes were also
determined as ‘Slow’, ‘Standard’, and ‘Fast’ as shown in Fig. 4. Ac-
cording to the concentration polarization model (Miyawaki et al.,
1998; Gu et al,, 2008), the following equation has been theoreti-
cally obtained for the effective partition coefficient of solute, K,
(=Gi/Cy; G, concentration in ice phase; i, concentration in solution
phase).

K = Kol[Ko + (1 — Ko)exp(—u/a/v®8)] (2)

where u is ice crystal growth rate, v is flow velocity at the ice-liquid
interface, a is an experimental constant, and Kj is the limiting
partition coefficient, which corresponds to the K at v— oo and/or
u— 0. Eq. (2} shows that the higher v gives the lower K. This means
that the higher circulation speed is preferable for the higher yield, if

Table 1
Freezing point of fruits juices.
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Fig. 2. Freezing point of various fruits juices and sucrose solutions and its relationship
with concentration in Brix.
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Fig. 3. Three modes in cooling program for progressive freeze-concentration by
tubular ice system.

it is allowed by the physical properties like viscosity, of the sample.

From the above results, the nine standard programs are avail-
able by combining three modes in cooling program and three
modes in circulation flow rate. In practice, the most appropriate
program is employed from these standard programs depending on
the physical properties of samples.

Concentration (“Brix)

Fruits Variety Freezing point ( C)
Apple Malus domestica Borkh. 'Senshu’ 12.8 —~1.37
Apple Malus domestica Borkh. 'Shusei' 12.8 —-1.11
Grape Vitis Labruscana Bailey "Kyoho' 19.5 —2.46
Grape Vitis Labruscana Bailey 'Ruby Roman' 14.6 -1.58
Pineapple Variety unknown 13.0 -1.23
Melon Cucumis melo L. "Earl's Favorite’ a5 -0.85
Pear Pyrus Communis L. 'La France' 14.9 1:21
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Fig. 4. Three modes in circulation flow program for progressive freeze-concentration
by tubular ice system.

3.2. Progressive freeze-concentration of sucrose solutions

Sucrose solution at 3.3% was PFC-concentrated by the cooling
program for ‘3% sucrose’ with circulation program varied. Results
are shown in Table 2, which shows that the faster circulation speed
gives the higher yield as was expected by Eq. (2). In the present
experimental design, all the experiments were carried put single
because differences in yield were clear among the different oper-
ating conditions and the difference observed has enough reason
predicted theoretically by the concentration polarization model
expressed by Eq. (2). Therefore, statistical analysis was not applied
by repeating experiments at the present stage. It will be necessary
in the next stage of the routine production.

In the case with 3.3% sucrose, freezing point depression was not
so high, which corresponds to the relatively lower osmotic pressure
(Gu et al, 2005), so that the seed ice may not be necessary
(Miyawaki et al,, 2005). In Table 2, however, the effect of seed ice
was observed. In the standard circulation mode, the yield was
slightly improved from 89.7% to 92.9% by applying the seed ice.
Effect of seed ice exists in the prevention of initial supercooling in
PFC (Liu et al,, 1998).

Table 3 shows the results for PFC-concentration of sucrose so-
lutions at various concentrations. In this case, the circulation mode
was fixed at ‘Fast’ in all the case. With an increase in sucrose con-
centration, the yield decreased drastically because of the increase
in the osmotic pressure of the sample (Gu et al., 2005). In this case,
a substantial effect of seed ice was observed in the case with 30%
sucrose, showing the necessity of seed ice for a sample with a high

osmotic pressure.

3.3. Progressive freeze-concentration of apple juice

PFC system was applied to concentrate apple juice (Malus
domestica Borkh. ‘Senshu’). In this case, a small amount of seed ice
layer was formed inside the tubular reactor and the apple juice
sample, precooled down to the freezing point, was introduced into
the system. The freezing point of the apple juice was — 1.37 °C. The
cooling program for ‘Sucrose 10%' in Fig. 3 and the circulation
program ‘Standard’ in Fig. 4 were employed. As for the circulation
program, ‘Fast’ program may cause the heat generation because of
the high pump speed so that ‘Standard’ program was employed in
this case.

Under the program described above, the ice volume increased in
the reactor and the temperature of the sample decreased as shown
in Fig. 5. The sample temperature corresponds to the freezing point,
which decreased along with the progress in the concentration
process. By this system, 23.6 L of the apple juice was concentrated,
in about 2 h operation time, to 10.0 L with concentration increased
from 12.8 to 21.0 “Brix with a yield of 79.0% as shown in Tabie 4.

3.4. Yield improvement by partial ice-melting system

In the present case of PFC-concentration of apple juice, the yield
may not be satisfactory but this could be improved to the necessary
level by applying the PIM technique (Miyawaki et al, 2012:
Gunathilake et al, 2014b). Therefore, the ice formed was trans-
ferred to the PIM system operated at 5 “C with a gentle stirring (~
5 rpm). The result is shown in Fig. 6. The concentration of the
initially melted fractions are much higher than those in the latter
fractions so that the yield improvement was expected by recov-
ering the initial fractions (Miyawaki et al,, 2012; Gunathilake et al,,
2014b). In the present case, the yield could be improved from 79.0%
to 90% by recovering the 30% of initially melted fractions. The PIM
system is expected to be a breakthrough for the practical applica-
tion of PFC to overcome the inherent drawback of PFC, in which the
incorporation of solute into the ice phase has caused the reduction
in yield for highly concentrated samples (Gu ¢t al,, 2005). Recently,
Maoreno et al. (2014a,b) also proposed to apply fractional thawing,
or partial ice-melting, to improve the yield in the falling film freeze
concentration.

4. Conclusion

A 25 L-scale tubular ice system for PFC-concentration combined
with PIM-system was newly constructed. From the measurement of
freezing point of various fruits juices, nine standard operation
programs were prepared in cooling and circulation flow rate. The
standard programs were successfully tested for PFC-concentration
of sucrose solutions with concentration varied from 3 to 30%.

Table 2
Progressive freeze-concentration of 3.3% sucrose solution by tubular ice system with cooling mode for ‘3% sucrose’.
Circulation mode Seed ice Classification Volume(L) Conc.("Brix) Yield
Slow No Original solution 24.7 3.3 -
Concentrate 9.6 ’ 6.7 753
Ice 15.1 1.4
Standard No Concentrate 10.5 5.9 89.7
Ice 14.2 0.5
Fast No Concentrate 118 6.1 93.4
Ice 12.8 04
Standard Yes Concentrate 10.7 5.1 929
Ice 13195 0.3
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Table 3
Progressive freeze-concentration of sucrose solution at various concentrations by tubular ice system.
Cooling mode Circulation mode Seed ice Classification Volume(L) Conc.(*Brix) Yield
3% sucrose Fast No Original solution 247 33 —
Concentrate 119 6.1 934
Ice 12.8 0.4
10% sucrose Fast No Original solution 247 10.0
Concentrate 9 19.9 75.8
Ice 15.6 3.7
30% sucrose Fast No Original solution 24.7 30.6
Concentrate 832 313 41.7
Ice 12.7 28.7
30% sucrose Fast Yes Original solution 24.7 30.6
Concentrate 12.0 379 TT
Ice 132 129
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Fig. 5. Changes in ice volume formed and sample temperature during the concen-
tration process of apple juice by progressive freeze-concentration.

Table 4

Progressive freeze-concentration of apple juice by tubular ice system.
Classification Volume(L) Conc.("Brix) Yield
Original solution 236 12.8 =
Concentrate 10.0 21.0 79.0
Ice 13.6 4.1
Ratio 236 1.64 =

Effectiveness of the seed ice was also tested especially for the high
concentration sample.

Apple juice was PFC-concentrated from 12.8 to 21.0 °Brix with
79.0% yield, and then the yield was effectively improved to 90% by
recovering the 30% of the initially-melted fractions by using PIM-
system. As for the general concentration technology with a high
quality (Miyawaki et al,, 2012, 2016: Gunathilake et al, 2014a), the
present system is expected to be applicable not only to fruits juices
but also to various liquid food and products in biomedical field by
overcoming the inherent drawback of PFC by PIM-system. The
present tubular ice system can be easily scaled-up, if necessary,
simply by increasing the number of tubes. Now, we are planning to
increase the number of tubes from 2 to 4 to increase the scale of
apparatus from 25 to 50 L.

[ -o—vield 0]

Concentration (Brix)

408

Yield (-)
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T
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T T T
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Fig. 6. Yield improvement by partial ice-melting system for PFC-concentrated apple
juice operated at 5 “C with a gentle strring (~5 rpm).

Acknowledgement

The gift of pineapple juice and pear juice by Kakoh Fruits and
Flavors, Ltd. (Tokyo) is highly appreciated. This work was supported
by Ministry of Economy, Trade and Industry, Japan (24142321096).

References

Aider, M., Ounis, W.B, 2012, Skim milk cryoconcentration as afl
ng maode: gravitational vs. micy
o

th:

Gunathilake,
progy

flavor ¢co

parti
Eng.

142, 64—69.

Hernandez, £, Raventos, M., Auleda, [ M., lbarz,
pear juices ir
Technol. 18, 34

owave-assisted. Int. §. Food Sci.

ration. Dy, Technol, 13,

Limiting partition coeffident in progressive
i 70, E546—E551.

valki, O, 2
extract an
014b. An apparatus
-concentration. |

itration of apple

2 multi-plate freeze concentrator. Innevative Food Soi. Emerg.
5. M., Auleda, LM, It

2010. Freeze concen
. Innovative Foad §




O. Miyawaki et al. / Journal of Food Engineering 184 (2016) 38—43 43

HALC, 19 Production of large crystals by continuous

st Growth 13/14, 483487,

Thijssen.

ripwmo 0 a stirver tank. | {ry

lehnson, WE,, 1
20-27.

Khawaji, A.D., Kutubkhanah, LK

1993. The story of freeze desaiting. Desalination Water Reuse 3,

M., 2008, Advances in seawater desalination

ttdmunome~ Dem]
Nahaxﬂm K, 18978
hqmd foad. %ood Sci. Technol. Int. Tokyo 3, 348-352.
ijin, T., Hayakawa, i\ . Mivawali, O., 1898, Prevention of ini
ressive ?xr:ue--mncenta‘aﬁémm Biosci.

Biotechnol.

ayakawa, K. ive freeze-concentration of to-
Technol. Re
r‘ule, A, Mangin, I, Ab
, Bouhaouss, A,

desalination pro

the seawa by indirect heezmg. Nesmlxmuon ?Gq

142

N

Cw:rw Iﬁ i,

B&!

Concentration of impurities from arganic
Anal. Chemn. 31, 11241125,

ty coeffi-
i relationship with solution

cient of wa in aqueouc
structure parameters, Biosc “hem, 61, 466469,

Miyawaki, O, Liy, L, Nakamu < fective partition constant of solute be-
bween ice and liquid phases in progressive fre concentration, | F . 63,
7
awaki, O, Liw, L., Shirai, V.

5. Kagitani. K., 2005. Tubular ice system
for scale-up of prog ve -concentration. |. Food E‘ng 69, 1

Miyawaki, G, Kato, 8., Watabe, K., Yield improvement in progre
concentration by partial melting of ice. |, Food Eng. 108, 377-382.

Miyawaki, O. Gunathilake, M., Omote, C., !\u_\/anm T., Sasaki, T, Take, H.
Matsuda, A, Is i, K., Miwa, S, Kitano, S. 2016 Progressive freeze-
concentration of app e juice and its application to produce a new type apple
wine. ]. Food Eng. 171, 153—158.

Moreno, EL., Robles, CM., Sarmiento, Z. Ruiz, Y. Pardo, M.,

iy,

i

separation and thawing mode on block freeze- -concentration of coffee brews,
Food Bioprod. Process. 91, 396402,

Moreno, FL, Raventos, M., Hernand CE., Ruiz, Y., 2014a. Block freeze-concentration
of coffee extract: effect of freez Zing and thawing stages on solute recovery and
bigartive compounds. |. Food Eng. 120, 158-166.

Moreno, FL, Hernandez, E., Raventos, M., Robles, C.. Ruiz, ¥, 2014h. A process to
concentrate coffee extract by the integration of falling film and block freeze-
concentration. | Food Eng. 128, 88-95,

Nakagawa, K., Maebashi, S., Maeda, K., 2009, Lomenfratlon ufaqueu.!_s dye solution
by freezing and anvmo Can. }. Chem. Eng. 87, 779-7

Nakagawa, K, Maebashi, S, Maeda, KK, 2010a. Freeze thav»xm as a path te
concentrate eous solution. . Puri chnol. 73, 403408,

Nakagawa, K, Na ama, H., Maebashi, S, Ma K., 2010b. Usefulness
tion from i matrix for free on technique. Chem. Fr
88, 718~
Rich, A, Mandri, afl, 5., Bebon, C, Semilali, N,

bo
Sea water desalina-

1dy of the freezing and

Klein, LB, Bo
m\n b\ d‘“‘:(lﬁ]

!
ey . Growth 34) HO -116.
'he? I Ruiz, Y. Rawntm M., Auleda, M., Hernandez, E. 2010, Pro pgressive
freeze conwnnat:'m of orange juice in a pilot plant falling film. Innovative Food
Sci. Emerg. Technol. 11, 644—651.
Sanchez, |, Hernandez, E., Auleda, M., Raventos, M, 2011. Freeze concentration of
\/\lhf-\, m A fal i mt based pilot plant: precess and characterizarion, §. Food

Teezing-oul, a safe technigue for concentration of dilut olutions.
. 20632064,

1974. Hand

Shapx

nee 1 33

R.LC. (Ea
Chio, p. It

Yer, PL, ‘Wakhre‘(d M., Shirai, Y., Hassan, M.A,, 2003. Effects of single food com-
i)Oﬂ:‘i}h on freeze concentration by fi g and thawing technique. jpr. | Food

g. 4, 77-82.

Wakisaka, M., Shirai, Y., Hassan, M.A., 2004, Effect of sodium chioride on

freeze concentration of fo:xJ compornents by freezing and thawing technigue.

Jpn. | Food Eng. 5, 97102,

ook of Chemistry and Physics. CRC Press, © teveland,




