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Abstract 

Progressive freeze-concentration is a new concentration process in which only a single ice crystal is 
formed in the system so that the separation of the ice crystal from the concentrated mother solution is 
very easy. ηlÎs makes the system much simpler to reduce the cost of freeze concentration substantially 
as compared with the conventional method of suspension crystallization. Principles, the method for 
scale-up, and expected applications of progressive freeze-concentration is discussed in this review. 
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I ntroduction 

Water is, in most cases, an overwhelmingly m매or 

component of food. Therefore, adjustment and con­

troI of water is ultimately important in food process­

ing and preseπation. Concentration is a dehydration 

process of food prior to transportation and preseπa­

tion to reduce the process cost. This is very important 

for liquid food like fruits juice, milk, coffee extract 

etc. In the present paper, progressive freeze-concen­

tration is discussed as a new method for high-quality 

concentration of liquid food. 

Concentration of liquid food 
In concentrating liquid food, three methods are avail­

able: evaporation, membrane concentration, and freeze 

concenσation. Among thesε， the energy cost is the most 

expensive for evaporation (540 cal/g-water), intermedi­

ate for freeze concentration (80 cal/g-water), and the 

lowest for membrane concenσation because of no n않d 

for phase transition in membrane separa디on. In evapora-
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tion process, however, multi-effect evaporation is av떠1-

able to recover thermal energy and some ene멍y is 

required in membrane process when aroma recovery is 

necess따y so that the difference in energy requirement 

없nong the three methods of concentration can be 

reduced substanti머ly in practice (Ramteke et al., 1993). 

In quality, freeze concentration has been known to be 

the best among the three methods of concentration giv­

ing an excellent qu외ity retaining flavors and thermally 

fra밍le compounds in concenσation process (Deshpande 

et al. , 1982). In spite of this, practical applica디on of 

freeze concentration is very 파nited so far because of the 

very expensive initial investment. In practice, membrane 

process is most frequently used although it is intermedi­

ate in quality and cost between evaporation and freeze 

concentration. 

Conventional method for freeze concentration 
In the conventional method of suspension crystalliza­

tion for freeze concentration (Fig. I(A)), separa디on of 

ice crystals from the concentrated mother solution is cru­

cia1 in the process. Therefore, ice crystals are grown to 

large through the Ostwa1d ripening mechanism (Huige 

&Tl피~ssen， 1972). The size of ice crys없Is， however, is 

still limited in this method so that the freeze concentra-
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tion based on this method needs very complicated sys­

tem composed of surface-scraper heat-exchanger for 

generation of seed ice, recrystallization vessel for ice 

crystal growth, and washing tower for separa디on ofice 

cηstals. This complicated system makes freeze concen­

tration process the most expensive among the methods 

for concentration 까lerefore， the application of freeze 

concenσ'ation is stilllirnited in food industry. 

Progressive freeze-concentration 

Progressive freeze-concentration, as shown in Fig. 1 

(B), is based on a completely different concept in the 

crystallization process as compared with the suspension 

crystallization method (Liu et al., 1997). In this method, 
a large single ice crystal, instead of many small ice crys­

tals, is grown frorn a cooling surface in a crystalli:갱.tion 

vessel so that the separation between the ice crystal and 

the mother solution is very easy. πlÌs makes the system 

very simple so that the process cost is expected to 

decrease substantially. 

Historically, progressive freeze-concentration was 

pr'야osed as a small-scale concentration technique for an 

(A) Suspension 

crystall ization 

Ice crystal 

(8) Progressive 
freeze-concentration 

Fig. 1. Two methods for freeze-concentration. 

analytical purpose applicable both to aqueous and 

organic solutions α1atthews & Coggeshall, 1959; Sha­

piro, 1961). Impurities in organic solvent were effec­

tively concentrated by this method (Matthews & 

Coggeshall, 1959). However, no systernatic investigation 

has been carried out so far on the mechanism of concen­

σation 뻐d separa디on efficiency in the progressive 

freeze-concentration. 

Figure 2 shows a test apparatus for progressive freeze­

concentration used by our group (Liu et al. , 1997). 까lÌs 

is composed of a cylindrical sample vessel of stainless 

steel, a cooling bath, and a driving system to plunge the 

sample vessel into the cooling bath at a constant speed to 

Stainless tube 

Unfrozen 
fraction --~틀 

Cooling bath 

Fig. 2. 1èst app없-atus for pn웬-essive fre엉e-concentration. 

輪톰뤘聊聊활 

t. .톨11-' 빼톨훌훌i뿔훌ι 

Blue dextran (0.05%) Tomato juice (1%) Tomato juice (5%) 

Fi용 3. Typic떠 얹어nple of progressive freeze-con얹ntration. 
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control the advance rate of ice front. ηle sample vessel 

was equiPl쩌d with a propeller to stir the solution at the 

ice-liquid interface. 

Figure 3 shows typical examples of progressive 

freeze-concentration of Blue Dextran solution and 

tomato juice. Under an appropriately chosen operating 

condition, an ice crystal with a high purity was ob­

tained for the effective concentration of solute. Figure 

4 shows typical changes in concentrations of solute 

(glucose) in ice and liquid phases with a growth of ice 

in the progressive freeze-concentration. The solute 

concentration in the liquid phase increased with a 
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뀐g. 4. Change in glucose concentrations in liq띠d (CL) 
and i야 pha앓 (Cs) in progressive freeze-concentr때on of 
5% 밍ucose. 
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Fig. 5. Effect of advancing rate of ice front on effective 
P앙tition constant (K) in progressive freeze-concenu뀐tion 
at a stirring rate of 1400 rpm. 

growth of ice while the solute concentration in the ice 

phase was kept low showing the effectiveness of the 

progressive freeze-concentration. 

Partition 01 solute between ice and concen­

trated liquid phase 

In the progressive freeze-concentration, effective par­

tition constant of a solute, K, between the ice and the liq­

uid phase is defined as .follows: 

K = C~/C S/ -'L 
n 
” 

( 

where Cs and CL are solute concentrations in ice and 

solution phase, respectively. The value of K changes 

between 0 (ide떠 freeze concentration) and 1 (no concen­

σ'ation). K determines the effectiveness of the progres­

sive freeze-concentration 뻐d can be experime때lly 

determined by the following equation (Liu et al. , 1997): 

(1- K)log(V L/VO) = log(CoICL) (2) 

where Vo and VL, respectively, are liquid phase volumes 

at the beginning and at an arbiσary time and C。 뻐dCu 
respectively, are solute concentrations at the beginning 

and at an arbitrary time. 

Figures 5 and 6 show the plot of experimental data 

according to 벼. (2) to obtain K for the progressive 

freeze-concentration of 5% glucose. Linear lines show 

the effectiven않s of Eq. (2) and K was obtained from the 
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Fig. 6. Effect of s히rring rate on 하fective partition cons뻐nt 
(K) in progres회ve freeze-concentration at an advancing 
rate of i‘'" front of 1 cmJh. 
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Thble 1. Q뻐피ty of reconstituted tomato j피ce 빼er pro­
gressive freeze.concentration 

Brix (%) 
Concentr때on ratio 
Conductivity (mS/m) 
A디마ty (%) 

Vitarnin C (mg%) 
Colorindex 

L 24.1 22.2 22.1 

a 5.28 5.76 5.94 
b 13 .1 11.7 11.7 
히b 0.4 0.49 0.51 

*Freeze concentrated at u=0.5 cm!h and 1400 ψm. 
**Freeze concentrated at u=0.5 cm.h and 600 rpm. 
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뀐g. 7. Effect of 뼈rring rate (N) and advance rate of ice 
front (u) on 짧ective part찌on cons뻐nt (K) in progressive 
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Ice crystal slope of the line. 

K was sπongly dependent on the advance rate of the 

ice front (Fig. 5) and the mass σansfer at the ice-liquid 

interface determined by s따ring rate (Fig. 6) (Liu et al. , 
1997). K decreased, 밍ving the higher ice purity, with a 

decrease in the advance rate of the ice front andlor an 

increase in the stirring rate. Effect of operating condi­

tions on K was theoretically analyzed by using a concen­

tration polarlization model as follows (Burton et al. , 
1953; Miyawaki et al. , 1998): 

Fig. 8. Scale.up of pro맑essive freeze.concentration by a 
tube ice system. 

where K1) is intrinsic partition constant at the ice-liquid 

interface‘ u is advance rate of ice front, and k is mass 

σ없lsfer coefficient at the interface. The mass transfer 

coefficient is expected to be related to the stirring rate, 
N, by the following equa디on. 

(3) K = K o/[Ko +(I-Ko)exp(-u/k)] 

Progressive freeze-concenσation was applied to con­

centration of tomato j띠ce (Liu et al. , 1999). Tomato 

juice of 4.3 wt% was concentrated up to 18.8 wt%. After 

the concentration by the progressive freeze-concenσa­

tion 뻐d reconstitution based on Brix, the quality of the 

juice was analyzed as shown in Table 1. No substantial 

differences, except for salt content, were observed in 

acidity, vitan1in C content, or color index compared with 

a sample before freeze concentration showing the practi­

cal applicability of the progressive freeze-concentration 

(4) 

where a and b are p따ameters experimentally deter­

mined. The concentration polariza디on model expressed 

by Eq. (3) directly describes the effects of the advance 

rate of ice front and the mass σansfer at the ice-liquid 

interface on the concentration efficiency in the progres­

sive freeze-concentration. Experimental resuIts at vari­

ous opera:디ng conditions were successfully explained by 
this model as shown in Fig. 7 (Miyawaki et al. , 1998). 

k = aN
b 
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to the concentration of tomato juice with a high quality. 

Scale-up of progressive freeze-concentration 

As compared with the suspension crystallization 

method, the progressive freeze-concentration with the 

test apparatus in Fig. 2 has much smaller surface area of 

ice crystal to grow so that the productivity of the appara­

tus was much lower. To increase the productivity of pro­

gressive freeze-concentration, a tube ice system was pro­

posed for a scale-up as shown in Fig. 8 (Shirai et al. , 
1999). In this method, ice crystal grows inside the 

cooling tube in the circulating flow so that the surface 

area of the growing ice increased much. In this man­

ner, the produc디vity of the progressive freeze-concen­

tration was increased to a level of practical application 

By this method, tomato juice and coffee extract were 

effectively concentrated to high concentrations with 

good productivity. 

Concluding remarks 

Progressive freeze-concentration will change the con­

cept of freeze concentration very much by reducing the 

process cost substantially. πllS will lead the 따as디C 

increase in the applica디on field of freeze concentration 

as a method for hi방l-q뼈lity concentration in food in­

dustry. Progressive freeze-concenσation is 외so effective 

as a method for water recovery in waste water σ'eatment. 

In addition, it is effective as a low-temperature energy 

storage ,md recovery system exploi디ng the inexpensive 

surplus electric power in night time. η1US progressive 

freeze-concenσation can be a key technology in the ex­

pected environment-friendly society for the new century. 
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