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Freeze concentration is an effective unit operation to concentrate liquid foods such as fruit juices without the 

use of high temperatures. Recently, the innovations of freeze concentration have been associated more with 

the one-step configurations than conventional freeze concentration systems (suspension crystallization), 

because of the simpler separation step. Assisted techniques that improve the process parameters of freeze 

concentration in one-step are important in achieving commercial viability. The vacuum (suction by a pump) is 

an interesting assisted technique applied to freeze concentration in a one step. The objective was to study the 

process parameters of vacuum-assisted freeze concentration applied to orange juice. As material raw, using 

orange var. Navel and the juice were filtered to separate solids that might interfere with the cryoconcentration 

process. We used a vacuum pump at 80 kPa as an assisted technique to force the separation of concentrate 

(solutes) from the frozen solution at controlled temperature condition (20 °C). Over the time, under vacuum 

condition, the solids content (expressed as °Brix) in the concentrated fraction increased significantly compared 

the original sample, showing a kinetic of the solute elution from the ice block. The results show an evident 

advantage using the vacuum as an assisted technique compared the atmospheric condition. In addition, the 

efficiency under vacuum achieved high values over 70%, with high values of ice purity. The freeze 

concentration process using vacuum is similar to the principle used by children to suck the sugar solution with 

attractive colorants from popsicles and takes advantage of the frozen matrix formed by veins (or channels) 

between the ice crystals containing the concentrated solution. Under these conditions, the frozen block (the 

ice) acts as a carcass through which the concentrated fraction (rich in solids) passes, collecting the 

concentrate by gravitation force. The vacuum-assisted freeze concentration is an effective technique to obtain 

an orange fruit juice concentrated using a system in a one step with advantages compared the conventional 

suspension crystallization, which needs several steps and an important equipment capital inversion. 

1. Introduction 

The concentration of liquid food is an important unit operation because concentrated products occupy less 

space and weight (Ramaswamy and Marcotte, 2006) and the consumers only add water to obtain a high-

quality final product. In this context, the concentration of fruit juices confers some economic advantages in 

packaging, storage, and distribution, for example in the case of orange juice. In the recent years, consumer 

demand for high-quality fruit juices had led to searches for emerging food technologies such as freeze 

concentration for liquid food concentration (Sandhu and Minhas, 2006). Freeze concentration is an interesting 

technology to minimize the loss of valuable components in the preparation of a liquid food concentrate, 

specifically fruit juices (Sánchez et al., 2009). 

Freeze concentration is a technology where an aqueous food solution is concentrated via partial water 

freezing and separating the ice fraction from the concentrated residual solution (Aider and Ounis, 2012). 

Compared to evaporation and membrane technology, freeze concentration has some significant potential 

advantages for producing a high-quality liquid food concentrate because the low temperatures used in the 

process result in a minimal loss of volatiles (Morison and Hartel, 2007; Raventós et al., 2012). In addition, 

freeze concentration is an effective technology for protecting the valuable heat-labile components of liquid 

foods, as noted by Petzold et al. (2016a). 



Innovations of freeze concentration have been associated more commonly with developments in the 

configuration of one-step systems (block freeze concentration or progressive freeze concentration) than with 

conventional freeze concentration systems (suspension crystallization) because of the simpler separation step 

(Petzold and Aguilera, 2009; Miyawaki et al., 2012). Another advantage of these one-step systems is their 

simplicity in terms of both the construction and operation of the equipment (Sánchez et al., 2009). 

In block freeze concentration, a liquid food solution is completely frozen, the whole frozen solution is thawed, 

and then the concentrated fraction is separated from the ice by gravitational thawing, sometimes assisted by 

other techniques to enhance efficiency (Aider and de Halleux, 2008). Under these conditions, the ice block 

acts as a solid carcass through which the concentrated fraction passes (Aider and de Halleux, 2009). 

Assisted techniques that improve the process parameters of block freeze concentration in one-step are 

important in achieving commercial viability of this technology. Alternatives to assisted techniques applied to 

block freeze concentration include the use of external forces such as centrifugation or vacuum. In this way, 

centrifugation was proposed by Bonilla-Zavaleta et al. (2006) for the concentration of frozen pineapple juice, 

whereas Petzold and Aguilera (2013) presented a centrifugal freeze concentration method using a sucrose 

solution, and recently, Petzold et al. (2015) proposed the application of this assisted technique to fruit juices. 

Vacuum (suction by a pump) has been proposed by Hsieh (2008) to get drinkable water from seawater. On 

the other hand, Petzold et al. (2013) applying a vacuum suction improved the efficiency over atmospheric 

conditions in freeze concentration of sucrose solutions, and Moreno et al. (2013) reported the positive effect of 

vacuum on the movement of the concentrated liquid fraction in block freeze concentration of coffee brews. 

Pardo and Sánchez (2015) used a vacuum to the intensification of block freeze concentration applied of 

sucrose solutions. Recently, Petzold et al. (2016b) proposed the application of this assisted technique to block 

freeze concentration of red wine.  

In this condition, freeze concentration assisted by an external force (such as vacuum) is similar to the principle 

used by children to suck the sugar solution containing colorants from popsicles, takes advantage of the 

hydraulic system that exists in the frozen matrix between the ice crystals occluding the solutes (Petzold et al., 

2013). A similar behaviour is potentially observed in nature in that this frozen system is responsible for the 

differences in the concentration of impurities in ancient polar ice (Rempel et al., 2001). 

The aim of this paper was to study the process parameters of vacuum-assisted freeze concentration applied 

to orange juice. 

2. Material and Methods 

2.1 Materials 

Oranges var. Navel were obtained from commercial sources (Chillán, Chile) and were kept under refrigeration 

(5 °C, overnight) until processing. Oranges were squeezed, and the juice was filtered to separate out the 

seeds and solids that might interfere with the cryoconcentration process. Following this process, orange juice 

was ready for experimental use. 

2.2 Freezing and vacuum suction procedure 

The freezing conditions were performed by the method of Petzold and Aguilera (2013), with slight 

modifications. Orange juice (45 ml) was placed in plastic tubes (internal diameter = 22 mm) and was frozen at 

-20 ºC for 12 h in a static freezer. For the freezing, the external surface of the plastic tubes were covered with 

a thermal insulation made of foamed polystyrene (8 mm thickness), so that the heat transfer occurred 

unidirectional (axis from bottom to top). During freezing, a needle-type copper-constantan thermocouple (Ellab 

A/S, Rοdovre, Denmark) was inserted in the geometric center of the samples to record continuously the 

temperature of the sample with a data acquisition system model CTF84-S8 (Ellab A/S, Copenhagen, 

Denmark). The freezing rate (μm/s) was calculated as the distance divided by the freezing time (based on the 

ice propagation rate) (Ramaswamy and Marcotte, 2006).  

To force the separation of concentrate with solutes from the ice matrix, the frozen juice was rapidly removed 

from the freezer and transferred to a suction stage (Petzold et al. 2016b). The suction was generated by 

connecting a vacuum pump (80 kPa, Medi-pump 1636; Thomas Ind., WI, USA) to the bottom of the frozen 

sample at controlled temperature using a refrigerated incubator (20 °C ± 1, FOC 215E; Velp Scientific Inc., 

Milano, Italy). The vacuum was controlled visually with a vacuum manometer of the pump and an external 

manometer. Separately, the same procedure was performed but using only gravity to force the separation of 

solutes from the frozen sample. Over the time (120 min) under vacuum and atmospheric conditions, initial and 

final weights of the ice fraction were registered, the concentrated solution was recovered and the frozen 

fraction was thawed, and thus, concentrations of solids were determined in both fractions. 

 



2.3 Process parameters 

The concentration of fractions Cf and Cs (solids in the molten frozen phase and concentrated solution, 

respectively) obtained over the time was analysed at ambient temperature (approximately 22 °C) with a digital 

refractometer (PAL-1, Atago Inc., Japan), with a precision of ± 0.1 °Brix.  

The efficiency over time was calculated using the following equation: 
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Where Cs and Cf are the concentration of solids (°Brix) in the concentrated solution and frozen fraction, 

respectively. 

2.4 Validation of results 

To validate the obtained experimental results, a mass balance was made and compared to theoretical value 

as follows: 
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Where C0 is the initial concentration of solids; and Wp is the predicted value of ice mass ratio W (kg ice/kg 

initial). 

The quality of the fit between experimental (We) and predicted (Wp) values for N experimental points over 

time were tested by the root mean square (RMS) as follows: 
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2.5 Statistical analysis 

Statistical  analysis  of  data  was performed  through  analysis  of  variance  (ANOVA)   using  Statgraphics  

Centurion XVI Software (Statgraphics, 2009). Differences among mean values were established by the least 

significant difference (LSD) at 5%. 

3. Results and discussion 

3.1 Process parameters 

Figure 1 shows the solids content (ºBrix) of the concentrated (Cs) and ice fraction (Cf) as a function of the time 

of the process, under vacuum (Figure 1a) and atmospheric condition (Figure 1b).  

Figure 1a shows the first times under vacuum that the solids content reached a value near 47 ºBrix (20 min), 

which was the highest value and represented an increase of 4.5 times the solids content of the fresh sample. 

However, by increasing the time under vacuum, the solids in the concentrate decreased progressively due to 

a normal kinetic suction of the solids from a frozen solution matrix. In this condition, at the final stage of the 

suction process (120 min), the concentrate had higher solids content (19 ºBrix) compared to the fresh juice, 

with high ice purity (6 ºBrix) in the frozen remaining fraction. A similar behaviour of the kinetic suction was 

observed using frozen wine (Petzold et al., 2016b).  

On the other hand, using atmospheric condition (Figure 1b) shows an evident less satisfactory concentration 

effect compared to the vacuum process, reaching values near of 23 ºBrix at 20 min, decreasing progressively 

the concentration of solids in the concentrate until reaching a value close to 14 ºBrix at 120 min. These results 

are in agreement with the comparative studies between vacuum and gravity using sucrose by Petzold et al. 

(2013). 

The efficiency was greater with the vacuum condition than with the atmospheric condition (Figure 2). Under 

vacuum condition the efficiency achieved high values over 70% and with the atmospheric condition only 

reaching values of efficiency near about 60%, thus demonstrating the advantage of using vacuum as an 

assisting technique for freeze concentration. However, these results using vacuum showed a lower efficiency 

when compared with Petzold et al. (2013), since obtained 86% of efficiency by applying vacuum for 20 min in 

a sucrose solution (C0 = 10 ºBrix) concentrated by block freeze concentration, a difference attributed to the 

more complex composition of the orange juice compared with a sucrose solution that could be more 

complicated the separation process. 



 
 

Figure 1: Solids content (ºBrix) of the concentrated (Cs) and ice fraction (Cf) as a function of the time, under 

vacuum (a) and atmospheric condition (b). 

 

 
 

Figure 2: Evolution of efficiency as a function of the time, under vacuum and atmospheric conditions. 

 

 

 



Another important factor in the block freeze concentration performance is the freezing rate of the liquid food 

sample. In this case, orange juice has a moderate freezing rate of 5.9 μm/s (Ramaswamy and Marcotte, 

2006), which is lower than the critical value (approximately 8 μm/s) reported by Nakagawa et al. (2010) and 

Moreno et al. (2014). These authors reported that for velocities higher than 8 μm/s, the ice occluded solutes 

during the freezing stage and is not possible to expect a considerable separation of the concentrated solution. 

3.2 Validation of results 

To validate the experimental results, a mass balance was made over time of the process (Eq. 2). The ice 

mass ratio (W) presented a linear downward trend (Figure 3). A good agreement was observed between the 

experimental (We) and predicted (Wp) ice mass ratios for vacuum (Figure 3a) and atmospheric condition 

(Figure 3b). The obtained RMS (Eq. 3) values for vacuum and atmospheric treatments were 8.2% and 9.3%, 

respectively. These values were lower than 25%, which Lewicki (2000) considered being an acceptable fit, 

and these values were close to those reported in the literature (Hernández et al., 2010; Petzold et al., 2013, 

2016b). 

 
 

Figure 3: Experimental (We) and predicted (Wp) ice mass ratios as a function of the time, under vacuum (a) 

and atmospheric condition (b). 

 

4. Conclusions 

Vacuum used as an assisted technique in freeze concentration of orange juice showed evident advantages 

compared to the atmospheric treatment. Vacuum improved the process parameters, increased 4.5 times the 

initial solids content in the first times of suction, and achieved values over 70% for efficiency and high values 

of ice purity. From a practical point of view, vacuum-assisted freeze concentration technique can be 

considered as an excellent tool to elaborate a concentrate from a food liquid such as orange juice. 
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