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Coconut water is a highly nutritious liquid food which is a by-product of the desiccated coconut industry. Freeze concentration is
the most suitable concentration method for coconut water since the low-temperature operation for concentration does not
deteriorate the original quality of coconut water. Suspension freeze concentration (SFC) and progressive freeze concentration
(PFC) are the available FC methods, and SFC is a complex and expensive method compared with PFC. PFC is a novel freeze
concentration technique to concentrate liquid food by using a simple system. The limitation of PFC is the lower product yield
than SFC, and to overcome the problem, the partial ice-melting technique can be used. A simple cylindrical apparatus was used
for PFC which consists of a sample vessel, agitator system, and a cooling bath (at —23°C+2°C temperature). The final
concentration of the liquid product was directly affected by the apparatus agitator speed and sample vessel dipping speed. PFC
agitator speed of 290 rpm and dipping speed of 1.3cmh™ were reported as the optimum operating conditions to achieve the
highest concentration for the PFC apparatus used in this study. Using optimized agitation speed and dipping speed, coconut
water was concentrated up to Brix 8.5° from the initial concentration of Brix 3.5°. PFC coconut water achieved 73.56% of total
yield, 2.42 of concentration ratio, 0.7° of ice phase concentration, and 0.08 of effective partition coeflicient. The partial melting
technique was successfully explored by recovering initial ice fractions with high solute concentrations, and the total yield was

improved up to 80%.

1. Introduction

Coconut (Cocos nucifera L.) water is an energizing, refresh-
ing, and nourishing drink which is widely consumed in
tropical countries [1]. According to Prades et al. [2], coco-
nut water signifies between 15% and 30% of the weight of
the nut. The amount of coconut water that can be har-
vested from each nut is about 300mL. The composition
of coconut water accounts for 95% of water and 4% carbo-
hydrates and 0.1% fat; in addition to that, coconut water is
enriched with amino acids, vitamin C and B complex
vitamins, and minerals.

Coconut water is a by-product of desiccated coconut
(DC) industry. About 10 years ago, coconut water from DC
was a waste. The growing demand for coconut water is high
as people are concerning the health benefits it offers [3, 4].

In Sri Lanka, the DC industry exports coconut water as a
beverage just after going through a pasteurization/steriliza-
tion process without concentrating. Therefore, large volumes
of coconut water have to be handled during exporting which
is a waste of money on transportation and storage. The pos-
sible solution to this problem is to reduce the volume of the
coconut water by concentration.

The main objective of concentration is to reduce packag-
ing, transportation, and storage cost and to increase the sta-
bility of the products [5]. There are three methods of
concentration that can be used in liquid food industry. Those
are evaporative concentration, membrane concentration, and
freeze concentration (FC) [6].

Among these, the evaporative concentration is the oldest,
best developed, and economically feasible liquid concentra-
tion method, widely used up to date. But the quality of the
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F1GURE 1: Constructed laboratory scale PFC setup.

concentrated liquid food is poor with loss of flavors, color,
and nutrients.

Membrane concentration is an alternative method to
replace evaporative concentration. The generally used mem-
brane method for removing water from liquid food is reverse
osmosis (RO). Due to the possibility of operation at room
temperature, it causes less thermal damages with increased
aroma retention than evaporative concentration. The limita-
tions of this method are membrane fouling, difficulties in
cleaning, requirement of regular changing of the expensive
membrane, and incapability to achieve high concentration
levels like in evaporation [7].

According to many published research studies, freeze
concentration (FC) can be selected as the best concentration
method in terms of maintaining original quality in the
concentrated product [5, 7-9].

There are different types of freeze concentration methods
available, suspension freeze concentration (SFC), progressive
freeze concentration (PFC), and block cryoconcentration
[6, 10]. The yield of concentration in SFC is high with
high purity of ice crystals. It requires a special equipment to
separate ice from the mother solution because of the large
surface area of large number of small ice crystals. Therefore,
this method requires a complicated system which makes SFC
the most expensive method of the other concentration
methods [11].

BFC is a simple FC method which follows freezing-
thawing method and requires improvements for the future
developments. In BFC, the whole liquid food is frozen into
a block and then partially thawed to get the concentration
fraction. This method is applied in PFC to increase the total
yield of the concentrated product [10].

PFEC is a type of FC that progressively produces a single
ice crystal layer by layer on a cold surface until it forms a
large single ice block. Concentration happens by removing
water molecules from the liquid food by attaching to the pro-
gressively growing single ice front. Using proper operating
conditions with a low crystal growth rate, relatively high con-

centration efficiency can be achieved by PFC [12]. Due to
easy separation of concentrated solution from a single ice
block, PFC requires a simple system, and it is a low-cost tech-
nology than conventional FC methods [11].

Therefore, this novel process requires a simple operating
system with a lower cost that can be applied to many liquid
foods [13].

The PFC method is still at a developing stage, and many
studies have been conducted to develop a new design of
PEC systems with a higher productivity and efficiency
[11]. Conferring to Miyawaki et al. [14] and Shirai et al.
[15], the tubular ice system is an effective scale-up system
for PEC that increases the efficiency at a slow ice growth
rate and at a high mixing speed.

The major problem in PFC system is the decrease in yield
with the increase in the concentration. To overcome this
problem, partial ice-melting technique can be used, where
the principle of the freezing-thawing technique was success-
fully applied. The purity of ice crystals produced from the
PEC is low compared with that from the SFC. But solutes
can be recovered by partially melting the formed ice crystal
which helps to improve the total yield [12]. The first melted
ice fractions have higher concentrations than the later frac-
tions. By collecting higher concentration fractions, the total
yield of the PFC can be increased [16, 17].

In this research, a small cylindrical apparatus was used
for progressive freeze concentration of coconut water, and
partial ice melting method was used to improve the total yield
of the final product. Optimum operating conditions of the
apparatus were found using standard sucrose solutions. The
key objective of this study is to concentrate coconut water
while preserving the original quality by low-temperature
operation using a simple PFC system.

2. Materials and Methods

2.1. Progressive Freeze Concentration Setup. The simple
cylindrical apparatus as shown in Figure 1 was constructed
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FIGURE 2: The sketch diagram for the PFC setup; source: [6, 18].

at Advanced Engineers (Pvt) Ltd., Delkanda, Nugegoda,
according to the schematic design (Figure 2) from literature
[6, 18]. The setup mainly consists of cylindrical stainless steel
(AISI 304) sample vessel equipped with a stirrer and stainless
steel ethylene glycol/water cooling bath. The sample vessel
(100mm diameter, 300mm height) was plunged into the
cooling bath with a constant slow speed. The stirrer consists
of a shaft and a two-blade propeller (45cm diameter). The
coolant used was ethylene glycol (Daejung Chemicals, South
Korea). About 83.33% V/V ethylene glycol was mixed with
distilled water 16.67% V/V to achieve the minimum temper-
ature of the cooling bath at —23°C £ 2°C, and the tempera-
ture of the coolant was maintained by the control panel
and the compressor unit (NTZ 048; Danfoss Maneurop,
China).

2.2. The Operational Procedure of PFC Setup. The PFC setup
was connected to the power and kept overnight (24 h) to cool
down the ethylene glycol until the ethylene glycol bath tem-
perature reaches its minimum temperature (-23°C £ 2°C).
About 2 mL of distilled water was added to the sample vessel,
and the bottom of the vessel was allowed to be cooled by gly-
col bath to produce initial seed ice layer in order to overcome
the supercooling effect. Supercooling disrupts the concentra-
tion process and increases the solute contamination in the ice
phase [6, 18]. The precooled sample was added to the sample
vessel closely reaching to its freezing point to avoid the melt-
ing of the formed seed ice layer. The sample vessel was
slowly dipped into the cooling bath using an inverter system
with continuous agitation at the liquid-ice interphase. Vessel
dipping speed and agitator speed were controlled by the
control panel.

2.3. Data Analysis. The solute separation efficiency at ice-
liquid phase is defined by the apparent partition coeflicient
value. It is a factor to describe the efficiency in a progressive
freeze concentration process.

Equation (1) shows the calculation of apparent partition
coefficient.

K,pp = C/Cp (1)

where K,

tion of the ice phase, and C; is solute concentration of the
liquid phase.

The total yield of the concentrated product based on Brix
was calculated by Equation (2).

Equation (2) shows the calculation of yield in PFC liquid
food.

is apparent partition coefficient, C, is concentra-

Yield = Ceone
(C

X Vcnnc (2)
X Vconc) + (C xV; )’

1ce 1ce

conc

where C_,,. and C,. are a concentration of concentrated
liquid phase and ice phase and V. and V. are volumes
of those phases. V,_. was measured after melting the whole

ice phase.

2.4. Optimization of the PFC Setup. Standard sucrose solu-
tions of 1° Brix and 2° Brix were prepared using sucrose
standard (Sigma-Aldrich, USA) and used as the samples
for optimization of the progressive freeze concentration
process. The concentration of the samples was interpreted
by Brix value and measured using a digital refractometer
(ATAGO PAL-1, Japan; 0-53% Brix) at room temperature
(29°C +£0.5°C). Sample volume was 500mL for each
experiment.

2.4.1. Optimization of Agitation Speed. The prepared samples
were precooled in order to cool down the sample up to its
freezing point. Then, the PFC setup was operated according
to the operational procedure. The experiment was repeated
for 7 different agitator stirring speeds 72.5rpm, 145rpm,
217.5rpm, 290rpm, 362.5rpm, 435rpm, and 507.5rpm,
respectively. After 5-hour operation, the liquid phase and
ice phase were collected separately. Agitator speeds vs. con-
centration of the liquid phase (C;) and concentration of the
ice phase (C,) graphs were plotted according to results
obtained in the experiments.

Apparent partition coefficient (K,
the ice phase and liquid phase in progressive freeze concen-
tration was calculated applying the obtained results to
Equation (1) [18].

) of solute between

2.4.2. Optimization of Sample Vessel Dipping Speed. The
experiment was repeated using 8 different dipping speeds
1.3cmh?, 23cmh?, 27cmh?, 3cmh!, 34cmh’,
37cmh™, 41cmh™, and 4.7 cmh™, respectively. The sam-
ple was agitated using optimized agitator speed. The sample
vessel dipping speed vs. concentration of liquid phase (Cy)
and concentration of ice phase (C,) graphs was plotted, and
the apparent partition coefficient (K,,,) was calculated using

the obtained results in the experiments.

2.5. Progressive Freeze Concentration of Coconut Water. The
fresh matured coconut water was taken from the coconut



FIGURE 3: Partial melting of formed ice fraction of PFC; melted
volume collected in 10 mL fractions.

water chilling center, St. Joseph DC Mills, Watinapaha, Sri
Lanka. To obtain the liquid endosperm (coconut water) of
mature coconut, mesocarp (fibrous husk) and endocarp
(hard nutshell) were removed hygienically. Collected coco-
nut water was immediately chilled to 2°C-4°C temperature
to avoid probable development of any contaminants. Chilled
mature coconut water was filtered using a muslin cloth and
taken to the experiment.

Coconut water was concentrated by the PFC setup, and
the best concentration was achieved using optimized agitator
stirring speed and optimized vessel dipping speed. According
to Miyawaki et al. [13], the yield of concentrate was calcu-
lated by Equation (2).

2.6. Partial Ice Melting for Yield Improvement. The Partial ice
melting method was conducted to improve the yield of con-
centrate according to the procedure of Miyawaki et al. [12].
The formed ice fraction of the progressive freeze concentra-
tion was separated from the concentrate and placed on a fun-
nel and kept for melting at room temperature (29°C + 0.5°C)
as shown in Figure 3 Melted ice volume was collected as
10mL fractions. Brix values of each fraction were recorded
using a digital refractometer, and the maximum achievable
concentration of the initial fractions was evaluated.

2.7. Statistical Analysis. All the analysis were carried out in
five replicates and was reported as mean + standard deviation
at p > 0.05 level of significance.

The collected data was analyzed by using Minitab 17 sta-
tistical package. For the graphical representation of the data,
Minitab 17 package was used.

3. Results and Discussion

3.1. Progressive Freeze Concentration. In PFC, ice is forming
layer by layer from the bottom of the sample vessel until a
single ice block is formed. After 5-hour operation, the sample
vessel was removed from the system, and unfrozen fraction
(Figure 4(a); liquid phase) and the frozen fraction
(Figure 4(b); ice phase) were collected separately.
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3.2. Optimization of the PFC Setup

3.2.1. Optimization of Agitation Speed. The standard Brix
solutions (1° and 2° Brix) were progressively freeze concen-
trated using the PFC setup. The experiment was repeated
for 7 different agitator speeds, and these agitator values were
taken based on the capacity of the offered gear motor. The
concentration of the liquid phase (C;) and concentration of
the ice phase (Cg) were interpreted by the Brix value and were
measured using a digital refractometer. Figures 5 and 6 inter-
preted the effect of agitator speed on C; and Cg, respectively.

According to Figure 5, C; was increased with the agitator
speed up to 290 rpm and there was an abrupt decrease at
217.5rpm for both 1° Brix and 2° Brix solutions. The highest
concentration was achieved at 290 rpm, and thereafter, C;
was gradually decreased with mixing speed.

Figure 6 shows a gradual decrease of C, with the agitator
speed up to 290rpm, and afterward, C,; was increased for
both 1° Brix and 2° Brix solutions. The lowest ice phase con-
centration was achieved by 290 rpm mixing speed. In PFC,
the mixing speed at the ice-liquid interface is directly affected
by the concentration of the PFC product and purity of the ice
phase [13, 16, 18]. Theoretically, the concentration efficiency
of the liquid phase should be increased with mixing speed
and the purity of ice also increased. Shirai et al., Miyawaki
et al,, Ojeda et al., and Muifioz et al. stated that stirring speed
positively affected to the concentration of the unfrozen frac-
tion [14, 15, 19, 20]. According to the obtained results,
increasing agitator speed adversely affected the concentration
process after 290 rpm. One possible reason could be uneven
temperature distribution in the ethylene glycol cooling bath
of constructed PFC setup. Another reason could be high mix-
ing speed which is resulting in the generation of heat above
the ice layer and increases the temperature of the liquid
phase, and this may adversely affect to the pure ice crystal
formation in PFC. The higher velocity of agitation of the
stirrer (45 mm of propeller blade agitator) could be affected
to generate some heat due to the limited space of the vessel
volume (100mm diameter, 300mm height) of the con-
structed PFC setup. Further analysis is needed for the incre-
ment of sample volume to overcome the adverse effect by
higher agitation.

Using Equation (1), the apparent partition coefficient was
calculated. Figure 7 shows the change of the apparent parti-
tion coeflicient against the PFC agitator speed.

The apparent partition coefficient is a factor to describe
the solute separation efficiency at ice-liquid interphase in
PEC [21]. Using proper operating conditions, the concentra-
tion efficiency can be increased [16]. Analyzing the apparent
partition coefficient is important, in order to optimize the
mixing (agitator) speed. The experimentally apparent parti-
tion coefficient (K,,,) should be decreased with agitator stir-
ring speed. But here, K, value is gradually decreased up to
290 rpm and then increased with the agitator speed. The sol-
ute incorporation into the ice phase is gradually increased
after 290 rpm due to the increase of heat generation above
the ice layer happening after 290 rpm. Analyzing all the
results, 290 rpm was selected as the optimum agitator speed
for constructed lab scale PFC setup.
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F1GURE 4: (a) Unfrozen fraction (liquid phase) and (b) frozen fraction (ice phase).
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3.2.2. Optimization of Sample Vessel Dipping Speed. For the
optimization of sample vessel dipping speed, 8 different ves-
sel dipping speeds were taken. Figures 8 and 9 represent the
effect of the vessel dipping speed in a change of concentra-
tion of the liquid phase (C) and concentration of the ice
phase (Cs).

The concentration of the unfrozen fraction was gradually
decreased with the vessel dipping speed (Figure 8). The high-
est concentration was achieved by the lowest vessel dipping
speed (1.3cmh™) of the constructed PFC setup.

According to Figure 9, concentration of the frozen frac-
tion gradually increased with the vessel dipping speed. The
increasing sample vessel dipping speed was adversely affected

by the concentration of the liquid phase (C;), and it posi-
tively affected the ice phase concentration (Cg). The slow-
moving speed of ice front into the cooling bath influenced
the formation of pure ice.

The apparent partition coefficient (K,y,,)
analyze the relationship between C, and C; with the increas-
ing dipping speed. Figure 10 shows the effect of dipping speed
with the apparent partition coefficient value (K,,).

The mean K,,, value is increased with the effect of

dipping speed. The lowest K

was calculated to

app Value represents the highest

concentration of the unfrozen fraction and the highest purity
level of the ice fraction. According to the results, the lowest
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Using an apparent partition coefficient, the optimized
conditions were evaluated. The optimized agitator speed
was 290 rpm and optimized dipping speed was 1.3cmh™.

3.3. Progressive Freeze Concentration of Coconut Water.
Coconut water was progressively freeze concentrated using
the PFC setup and concentrated liquid fraction and ice
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TaBLE 1: Results of PFC coconut water. C,,,. and C,., are the concentrations of the concentrated liquid phase and ice phase, and V.. and
V... are volumes of those phases.

Liquid food Cinitias (© Brix) V eone (mL) Ceone ( Brix) Ve (mL) Cice ( Brix)
Coconut water 3.5£0.08 120.4 £3.29 8.5+0.53 179.6 £3.29 0.7+0.24

*Mean values of replicates were interpreted in results and SD (Standard deviation) is shown as + value.

fraction were collected separately. Table 1 shows the results
of concentrated coconut water products. Initial volume
(V,) for each sample was 300 mL.

Using optimum operating conditions, coconut water was
concentrated up to 8.5 from the initial concentration of
3.5". The total yield, concentration ratio, and apparent par-
tition coefficient for PFC coconut water were 73.56 + 0.10,
2.42, and 0.08, respectively. Apparent partition coefficient
(Kypp = C/Cy) is a parameter to describe the solute sepa-
ration efficiency at the ice-liquid interphase in PFC [16].
Since coconut water has a lower effective partition coeffi-
cient value, the efficiency to PFC is high.

Liu et al. [18] and Miyawaki et al. [6] state that PFC was
effective for low initial concentration liquid food with the
lowest osmotic pressures. Freezing is affected with solute
concentration, osmotic pressure, presence of electrolytes,
and the viscosity of the liquid. Therefore, in PFC, those fac-
tors are affecting the final concentration and yield of the
PEC product. However, the yield of the PFC product will be
decreased with the high solute concentration of the liquid.
Therefore, the liquids with low concentrations and low
osmotic pressure are the most suitable for PFC.

3.4. Partial Ice Melting for Yield Improvement. The major
drawback in progressive freeze concentration is the decrease
in yield with an increase in the concentration. To overcome
the problem, a partial ice-melting technique can be used,
where the principle of the freezing-thawing technique was
successfully applied. The first melted ice fractions have
higher concentrations than the later fractions. By collecting
higher concentration fractions, the total yield of the PFC
can be increased [13, 16].

The partial melting method was applied to all the ice frac-
tions collected from PFC coconut water, and the yield was
calculated according to Equation (2).

Figure 11 shows the change in concentration and yield
(based on Brix) with the melted ice volume of PFC coconut
water (mean concentration and mean yield of replicate
changes with the melted ice volume were illustrated). The
concentration was decreased gradually, and the yield was
increased with the melted ice fractions. From Figure 11, it
was identified that the first 10 mL melted ice fraction has
a higher Brix value than the concentrated coconut water,
thereby recovering the first 10mL fraction; the yield can
be improved up to 80+0.10% from the initial yield of
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73.56+0.10%. The melted fractions can be added to the
next batch to improve the total yield of the PFC product.
The partial melting technique was important in progres-
sive freeze concentration of liquids with higher solute con-
centration. Thus, the higher concentration increases the
amount of solute incorporation to the ice phase. Recover-
ing the melted ice fractions was effective to improve the
total yield of the final product. Also, the recovering fractions
could be used for the next batch of PFC process. In the
study, exploring a partial melting technique to PFC proved
that the total yield of the PFC product can be improved to
a positive level.

4. Conclusion

The progressive freeze concentration setup consists of a sim-
ple system which can be used for high-quality liquid food
concentration. The constructed PFC setup was optimized to
collect the maximum achievable concentration of liquid
foods using standard sucrose solution. Using an apparent
partition coefficient, the optimized conditions were evalu-
ated. The optimized agitator speed was 290 rpm and opti-
mized dipping speed was 1.3cmh™.

Using optimized operating conditions, coconut water
was concentrated from Brix 3.5° to Brix 8.5" by progressive
freeze concentration method. PFC coconut water achieved
73.56% of yield, 2.42 of concentration ratio, 0.7° of ice phase
concentration, and 0.08 of apparent partition coefficient.

The decrease in yield with an increase in the concentra-
tion was the major problem in progressive freeze concentra-

tion. Partial ice melting is a technique, where the principle of
the freezing-thawing technique was successfully applied. By
recovering initial (10 mL) ice fractions with high solute con-
centrations, the total yield can be improved up to 80%.
Therefore, in this study, partial ice melting technique was
successfully explored to improve the effectiveness of the
PFC process.

PFC is the most suitable method to concentrate coconut
water without deteriorating its original quality using a simple
system which requires low cost than SFC. Therefore, PFCis a
promising method for concentrating coconut water.

Data Availability

The numerical data used to support the findings of this study
are included within the article.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors thank the University of Sri Jayewardenepura,
Sri Lanka, for the financial assistance (Grant No.
ASP/01/RE/SCI/2017/51).



10

References

(1]

(2]

(3]

(10]

(11]

(12]

(13]

(14]

(15]

A.K. Awua, E. D. Doe, and R. Agyare, “Exploring the influence
of sterilisation and storage on some physicochemical proper-
ties of coconut (Cocos nucifera L.) water,” BMC Research
Notes, vol. 4, no. 1, p. 451, 2011.

A. Prades, M. Dornier, N. Diop, and J. P. Pain, “Coconut water
preservation and processing: a review,” Fruits, vol. 67, no. 3,
pp. 157-171, 2012.

D. S. Kalman, S. Feldman, D. R. Krieger, and R. J. Bloomer,
“Comparison of coconut water and a carbohydrate-
electrolyte sport drink on measures of hydration and physical
performance in exercise-trained men,” Journal of the Interna-
tional Society of Sports Nutrition, vol. 9, no. 1, p. 1, 2012.

R. Vigliar, V. L. Sdepanian, and U. Fagundes-Neto, “Biochem-
ical profile of coconut water from coconut palms planted in an
inland region,” Jornal de Pediatria, vol. 82, no. 4, pp. 308-312,
2006.

E. Herndndez, M. Raventds, J. M. Auleda, and A. Ibarz, “Freeze
concentration of must in a pilot plant falling film cryoconcen-
trator,” Innovative Food Science ¢ Emerging Technologies,
vol. 11, no. 1, pp. 130-136, 2010.

O. Miyawaki, A. Saito, T. Matsuo, and K. Nakamura, “Activity
and activity coefficient of water in aqueous solutions and their
relationships with solution structure parameters,” Bioscience,
Biotechnology, and Biochemistry, vol. 61, no. 3, pp. 466-469,
1997.

M. Gunathilake, Development of progressive freeze concentra-
tion as a new method for high quality concentration of liquid
food, Unpublished doctoral dissertation, Chapterl, Ishikawa
Prefectural University, Japan, 2014.

S. S. Deshpande, M. Cheryan, S. K. Sathe, D. K. Salunkhe, and
B. S. Luh, “Freeze concentration of fruit juices,” Critical
Reviews in Food Science & Nutrition, vol. 20, no. 3, pp. 173-
248, 1984.

J. Sénchez, Y. Ruiz, J. M. Auleda, E. Hernindez, and
M. Raventds, “Review. Freeze concentration in the fruit juices
industry,” Food Science and Technology International, vol. 15,
no. 4, pp. 303-315, 2009.

G. Petzold, J. Moreno, P. Lastra, K. Rojas, and P. Orellana,
“Block freeze concentration assisted by centrifugation applied
to blueberry and pineapple juices,” Innovative Food Science
& Emerging Technologies, vol. 30, pp. 192-197, 2015.

S. Samsuri, N. A. Amran, N. Yahya, and M. Jusoh, “Review on
progressive freeze concentration designs,” Chemical Engineer-
ing Communications, vol. 203, no. 3, pp. 345-363, 2016.

O. Miyawaki, S. Kato, and K. Watabe, “Yield improvement in
progressive freeze-concentration by partial melting of ice,”
Journal of Food Engineering, vol. 108, no. 3, pp. 377-382, 2012.

O. Miyawaki, C. Omote, M. Gunathilake et al., “Integrated sys-
tem of progressive freeze-concentration combined with partial
ice-melting for yield improvement,” Journal of Food Engineer-
ing, vol. 184, pp. 38-43, 2016.

O. Miyawaki, L. Liu, Y. Shirai, S. Sakashita, and K. Kagitani,
“Tubular ice system for scale-up of progressive freeze-
concentration,” Journal of Food Engineering, vol. 69, no. 1,
pp. 107-113, 2005.

Y. Shirai, M. Wakisaka, O. Miyawaki, and S. Sakashita, “Effect
of seed ice on formation of tube ice with high purity for a freeze
wastewater treatment system with a bubble-flow circulator,”
Water Research, vol. 33, no. 5, pp. 1325-1329, 1999.

(16]

(17]

(18]

(19]

(20]

(21]

International Journal of Food Science

M. Gunathilake, M. Dozen, K. Shimmura, and O. Miyawaki,
“An apparatus for partial ice-melting to improve yield in
progressive freeze- concentration,” Journal of Food Engineer-
ing, vol. 142, pp. 64-69, 2014.

O. Miyawaki, M. Gunathilake, C. Omote et al., “Progressive
freeze-concentration of apple juice and its application to pro-
duce a new type apple wine,” Journal of Food Engineering,
vol. 171, pp. 153-158, 2016.

L. Liu, O. Miyawaki, and K. Nakamura, “Progressive freeze-
concentration of model liquid food,” Food Science and Tech-
nology International, Tokyo, vol. 3, no. 4, pp. 348-352, 1997.

A. Ojeda, F. L. Moreno, R. Y. Ruiz, M. Blanco, M. Raventos,
and E. Hernadndez, “Effect of process parameters on the pro-
gressive freeze concentration of sucrose solutions,” Chemical
Engineering Communications, vol. 204, no. 8, pp. 951-956,
2017.

I. de Bona Mufioz, A. Rubio, M. Blanco, M. Raventds,
E. Herndndez, and E. S. Prudéncio, “Progressive freeze con-
centration of skimmed milk in an agitated vessel: effect of the
coolant temperature and stirring rate on process perfor-
mance,” Food Science and Technology International, vol. 25,
no. 2, pp. 150-159, 2019.

M. Gunathilake, K. Shimmura, and O. Miyawaki, “Analysis
of solute distribution in ice formed in progressive freeze-

concentration,” Food Science and Technology Research,
vol. 19, no. 3, pp. 369-374, 2013.



	Progressive Freeze Concentration of Coconut Water and Use of Partial Ice Melting Method for Yield Improvement
	1. Introduction
	2. Materials and Methods
	2.1. Progressive Freeze Concentration Setup
	2.2. The Operational Procedure of PFC Setup
	2.3. Data Analysis
	2.4. Optimization of the PFC Setup
	2.4.1. Optimization of Agitation Speed
	2.4.2. Optimization of Sample Vessel Dipping Speed

	2.5. Progressive Freeze Concentration of Coconut Water
	2.6. Partial Ice Melting for Yield Improvement
	2.7. Statistical Analysis

	3. Results and Discussion
	3.1. Progressive Freeze Concentration
	3.2. Optimization of the PFC Setup
	3.2.1. Optimization of Agitation Speed
	3.2.2. Optimization of Sample Vessel Dipping Speed

	3.3. Progressive Freeze Concentration of Coconut Water
	3.4. Partial Ice Melting for Yield Improvement

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

