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Abstract. 
Freeze concentration of liquid foods produces high-quality concentrates while retaining the heat-labile compounds found in fresh samples. Centrifugal freeze concentration is a cryoconcentration method assisted by an external force, centrifugation, to enhance the separation of concentrate from the ice. When applying centrifugal freeze concentration to orange juice, after the third cryoconcentration cycle, the ascorbic acid content in the concentrate showed retention close to 70% of the initial value. After the third cycle, the solutes in the concentrate increased 4 times the initial value of the fresh sample with 70% efficiency. The color evaluation showed that the final concentrated fraction was darker than the fresh juice. The centrifugal freeze concentration in orange juice was effective for obtaining a high-quality concentrate with a higher concentration of solids and ascorbic acid retention.



1. Introduction
Freeze concentration removes water from liquid foods and solutions through the freezing. In addition, freeze concentration is an effective separation method since the concentrate occupies a smaller weight and space [1] and because consumers only need to add water as the final step of production.
The fruit juice concentration confers commercial benefits in storage, packing, and distribution. In the case of orange juice, the water content is approximately 85–90%; during the concentration step, removing most of the water considerably reduces the bulk. For these reasons, concentrated orange juice production is common worldwide. The primary method of water removal is evaporation, though cryoconcentration and membranes are also used [2].
Fruit juices have become very popular because consumers demand high-quality and nutritious liquid foods [3]. This consumer demand has led to a search for improved food technologies applied to liquid foods (the fruit juice production in particular). Among the methods used for liquid food concentration, freeze concentration is of particular importance due to the subzero temperatures used [4].
Freeze concentration is a concentration technique where an aqueous solution or liquid food is concentrated via partial or total water freezing and separating the ice from the unfrozen liquid fraction [5]. Comparing to other concentration techniques, freeze concentration has some advantages because of the low temperatures used to result in a minimal loss of volatiles [6]. In addition, this technique consumes less energy than traditional concentration techniques by evaporation [7] and protecting the valuable heat-labile components of liquid foods (e.g., ascorbic acid in fruit juices), as noted by Petzold et al. [8].
On the other hand, the more recent freeze concentration studies have focused on single-stage systems (progressive freeze concentration or block freeze concentration) rather than traditional systems by suspension [9–12], since single-stage freeze concentration systems are simpler in construction and equipment operation [10].
In block freeze concentration, a liquid sample is frozen and by means of thawing highly concentrated solutes is obtained, using some assisted techniques to improve the process [13, 14]. Thus, the ice is a system with channels in which the concentrates rich in solids exit to the outside [15].
Centrifugation is an interesting alternative to assisted technique applied to block freeze concentration. Thus, centrifugation was used by Bonilla-Zavaleta et al. [16] for the concentration of frozen pineapple juice, whereas Luo et al. [17] used this technique to desalinate water. Virgen-Ortíz et al. [18, 19] used this assisted technique to cryoconcentrate protein solutions, Petzold and Aguilera [20] presented a centrifugal cryoconcentration method using a sugar solution, and Petzold et al. [21] proposed the application of this assisted technique to blueberry and pineapple juices.
Recently, Orellana-Palma et al. [22] in blueberry, Adorno et al. [23] in strawberries, and Safiei et al. [3] with red grapes proposed the cryoconcentration to protect bioactive compounds, producing concentrated juices with high nutritional value and attractive color. However, there is no scientific literature on the centrifugal freeze concentration as a technology to protect heat-labile components from fruit juices such as ascorbic acid protection from orange juice.
Centrifugation is a very popular separation technique [24]. Freeze concentration assisted by an external force (such as centrifugation) uses the hydraulic structure that exists in the frozen matrix between the ice crystals occluding the solutes. A similar behavior is potentially observed in nature in the frozen structure of the millenary polar ice [25].
The aim of this paper was to study centrifugal freeze concentration in orange juice to protect the ascorbic acid content and concentrate solids.
2. Materials and Methods
2.1. Materials
Oranges var. Navel were obtained from a fruit market (Chillán, Chile) and were refrigerated (5°C, overnight) until processing. Oranges were squeezed, and the juice was filtered to remove out the solids and seeds.
2.2. Experimental Protocol
A general experimental protocol is outlined in Figure 1. Frozen orange juices were transferred to a centrifuge to obtain two fractions: (i) a concentrated solution and (ii) a frozen fraction. The concentrated solution after the first cycle was used as the new solution for the second cycle and so on.




	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
	


Figure 1: General experimental protocol. Fresh orange juice was frozen and then the sample was transferred to a centrifuge to force the separation of concentrate with solutes from the frozen solution in 3 cycles.


Freezing and centrifugation were carried out by the method of Petzold et al. [21], with minor modifications. Orange juice (45 ml) in centrifugal tubes (internal diameter  = 22 mm) was frozen in a static freezer at −20°C for 12 h. The external surfaces of the tubes were covered with foamed polystyrene (8 mm, thermal conductivity  = 0.035 W m−1 K−1) so that the heat transfer during freezing occurred primarily in a unidirectional manner. During freezing, a thermocouple was inserted in the geometric center of the samples to record the temperature of the orange juice samples and calculate the freezing rate (mm min−1 or μm s−1) [1].
The centrifugation step was performed by transferring the frozen samples to a centrifuge (centrifuge Hettich model D-7853, Tuttlingen, Germany) at 20°C for 25 min at 4000 rpm (1600 RCF). By centrifuging the frozen samples, the thaw occurs coupled to the application of the external force (centrifugation) that forces the solutes to separate from the ice. Once the sample has been centrifuged, the floating ice is separated from the concentrate using a filter.
The concentrations of fractions  and  (solids in the molten frozen fraction and concentrate, resp.) obtained after the assays were analyzed at ambient temperature (approx. 22°C) using an ATAGO refractometer (model PAL-1, Tokyo, Japan) with a precision of ±0.1 °Brix. All measurements were made in triplicate, and each assay was performed six times with two replicates.
2.3. Instrumental and Analytical Determinations
The color was determined as described in detail by Petzold et al. [26], using a spectrophotometer (Konica Minolta CM-5, Osaka, Japan), and the results were expressed as CIELAB values.
Ascorbic acid content was determined by titration using 2,6-dichlorophenolindophenol (DCIP), as the Official Methods of Analysis [27]. This method is based on the reduction of DCIP with ascorbic acid in acidic solution. The content of ascorbic acid in fresh and concentrated orange juice was expressed as mg/100 g solutes.
2.4. Calculations
2.4.1. Percentage of Concentrate
The percentage of concentrate was calculated for each cycle using the following equation:where  and  are the initial and final weight of the frozen fraction, respectively.
2.4.2. Efficiency of Concentration
The efficiency was calculated for each cycle using the following equation:where  and  are the concentrations of solids (°Brix) in the concentrated solution and frozen fraction, respectively.
2.4.3. Validation of Experimental Results
To validate the experimental results, a mass balance of each cryoconcentration cycle was made and compared to a predicted value as follows:where  is the initial concentration of solids and  is the predicted value of the ice mass ratio  (kg ice/kg initial).
The root mean square RMS (4) was calculated to determine the fit between the experimental and predicted values of ice mass ratio ( and , resp.) for  experimental points of each cycle:
2.5. Statistical Analysis
Data were analyzed using an analysis of variance (ANOVA) and an LSD test using Statgraphics Centurion XVI Software [28] with 95% confidence levels.
3. Results and Discussion
3.1. Solute Content in the Concentrated Solution and Ice
Figure 2 shows the solute content (°Brix) of the concentrated solution () and ice () after each freeze concentration cycle. Low solute content characterized the feed orange juice with a value of approximately 10 °Brix. By increase the cycles, the solutes in the concentrate increased quasi-linearly, with , and reach approximately 18, 29, and 40 °Brix after the first, second, and third cycles, respectively. In the last cycle, around 4 times the initial concentration of solutes was achieved. This result was higher than that obtained by Sánchez et al. [11] in orange juice cryoconcentrated using a pilot plant unit, where juice concentration increased from 11 to 29 °Brix. Additionally, the result of this work was similar to that achieved by Bonilla-Zavaleta et al. [16], which was approximately 41 °Brix from 12 °Brix pineapple juice by centrifugal freeze concentrate.




	
	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
			
		
		
			
				
		
		
			
	


Figure 2: Solute content in the concentrated solution and ice fraction as function of the cryoconcentration cycle for orange juice. (0: fresh juice. 1, 2, and 3: fractions obtained at the first, second, and third cryoconcentration cycles, respectively).


On the other hand, the solutes occluded in the ice fraction were estimated to be 3 and 5 °Brix after the first and second freeze concentration cycles, respectively. During the third cycle, the efficiency decreased, and the solids content in the ice augmented to 12 °Brix. These results were better than those obtained previously in our laboratory [21], where the solids concentration increase of 2.5 and 2.7 times was obtained after the third freeze concentration cycle of blueberry and pineapple juices, respectively. This difference can be explained because, in the present study, differently sized tubes were used (45 ml versus 12 ml), which could provoke some stratification or movement of the solids in the freezing step that favors later separation.
This behavior could be attributed to the elution phenomenon, in which solutes movement was produced during ice crystal formation that expelled the solutes to the liquid fraction [9]. This result was also observed by Moreno et al. [29] during the cryoconcentration of coffee extract.
The evolution of the concentrations along the freeze concentration cycles from orange juice was comparable to performance reported when using block cryoconcentration for maple sap [13], whey milk [30], cherry and apricot juices [14], blueberry and pineapple juices [21], and, recently, strawberry juice [23].
In addition, orange juice has a freezing rate of 0.21 mm min−1 (3.5 μm s−1), which is lower than the critical value (approximately 8 μm s−1) reported by Nakagawa et al. [31] and Moreno et al. [29]. These researchers described that, for the freezing rate higher than 8 μm s−1, the freezing occurred too rapidly to expect a considerable separation of the concentrate because during the freezing the ice occluded solutes.
3.2. Efficiency and Percentage of Concentrate
The efficiency () and percentage of concentrate (PC) decreases and increases progressively over the cycles, respectively (see Figure 3). A progressive increase in the percentage of concentrate was observed after the concentration cycles for orange juice and reached 60%, which was close to the values reported in the literature [21, 32]. This work of the percentage of concentrate is similar to the value (approximately 50%) reported by Bonilla-Zavaleta et al. [16] for centrifugal assisted cryoconcentrated pineapple juice and is similar to the general 50% concentrate obtained by block freeze concentration [15].




	
	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
			
		
		
			
		
			
	


Figure 3: Evolution of the efficiency and percentage of concentrate as a function of the cryoconcentration cycle.


These results are explained because the percentage of concentrate is a mathematical direct function of the initial concentration of solutes in the sample to centrifugal freeze concentrate, therefore, as increasing the cryoconcentration cycles (and the solutes concentration increases), it is expected that the percentage of concentrate will increase [20]. In addition, this effect could be associated with a freezing point depression as demonstrated in a previous work [21].
For efficiency, a progressive decrease was observed for the orange juice over the cycles in a similar fashion to previous research [21] and an opposite slope in percentage of concentrate is observed, analogous behavior to the previous report [20, 21]. An increase in the initial concentration at each cryoconcentration cycle explained this effect and implied that the higher solid in concentrate is, the higher viscosity is obtained, and the freeze concentration efficiency depended generally on the viscosity of the concentrate [23, 33]. The obtained efficiency values (80–70%) were similar to the values obtained by Luo et al. [17], with an efficiency of approximately 73% (from 4300 ppm of solutes) and recently, Adorno et al. [23] obtained 74% efficiency of strawberries concentrated by this technology.
3.3. Ascorbic Acid Content
Figure 4 shows the ascorbic acid content (in mg/100 g solids) after each cryoconcentration cycle for orange juice. The feed orange juice had an ascorbic acid content of approximately 41 mg/100 g solids (50 mg/100 ml), a value close to that reported by Sandhu and Minhas [2]. By increasing the cycles, the ascorbic acid content decreases progressively, although as expected with a greater presence in the concentrated phase. This decrease in the ascorbic acid content is explained because the method of centrifugal freeze concentration supposes the withdrawal in each cycle of the resulting ice, losing the solutes present and therefore of the ascorbic acid (see Figure 1). In these conditions, at the end of the process (third cycle), the concentrate reaches a value close to 28 mg/100 g solids, representing a retention close to 70% of the initial value.




	
	
		
			
				
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
			
		
		
			
				
		
	


Figure 4: Evolution of the ascorbic acid content (mg/100 g solids) in the concentrated and ice fraction as a function of the cryoconcentration cycle.


This retention effect of the cryoconcentration in the content of ascorbic acid was reported by Aider and de Halleux [14] who used apricot and cherry juices, respectively. In addition, Liu et al. [34], using progressive freeze concentration, described that freeze concentrated tomato juice showed no differences in ascorbic acid content compared with fresh tomato juice.
From a practical point of view, these results confirm that centrifugal freeze concentration is an effective technique for protecting the important heat-labile components of liquid foods, such as ascorbic acid in orange juice.
3.4. Color Evaluation
Table 1 illustrates the CIELAB values of fresh orange juice and concentrate samples after each cryoconcentration cycle. As expected, a clear reduction in the CIELAB parameters was observed. Cryoconcentrate samples showed lower  values than fresh juice, which indicated that cryoconcentrates were darker than the fresh orange juice. These differences in CIELAB values were similar to the differences published previously for pomegranate cryoconcentrate compared with the fresh sample [35].
Table 1: Color evaluation in fresh and concentrate orange juice.
	

	Cycle						()	
	

	0	39.49 ± 1.72	19.47 ± 0.05	48.49 ± 0.25	68.03 ± 0.14	52.25 ± 0.21	—	—
	1	37.76 ± 2.28	17.64 ± 0.61	54.51 ± 2.50	71.92 ± 1.28	57.31 ± 2.25	7.47 ± 3.09	11.56 ± 2.39
	2	32.25 ± 1.69	17.56 ± 0.47	62.88 ± 3.06	65.29 ± 2.95	74.25 ± 1.14	17.35 ± 3.99	26.04 ± 3.14
	3	28.25 ± 0.17	19.05 ± 0.54	66.08 ± 2.58	68.77 ± 2.63	73.80 ± 0.61	20.89 ± 3.23	34.32 ± 3.11
	


Significant differences at 5.0% between homogeneous groups in each variable according to a least significant difference (LSD) test are identified by different letters. Cycle 0 corresponds to fresh juice. Calculated from evaporated samples.


In addition, the total color difference () of the freeze concentrate samples showed  between fresh orange juice and concentrate were, in all cases, higher than the human visual discrimination threshold () [36], reaching  values of >20 CIELAB units after the third cryoconcentration cycle. Finally,  of evaporated samples showed in general higher values than the cryoconcentrated samples, reaching in this case  values of >30 CIELAB units, confirming the convenience of the use of cryoconcentration over evaporation in the preservation of the original characteristics of the fresh sample [8].
3.5. Validation of Experimental Results
To validate the results, a balance of ice mass ratio (experimental and predicted) of each cryoconcentration cycle was performed (3).
The ice mass ratio () had an expected downward tendency along with the cryoconcentration cycles (Figure 5). This performance was attributed to the increased percentage of concentrate along the cycles (Figure 3) and was in agreement with observations between the experimental () and predicted () ice mass ratios (Figure 5). The RMS values over the cycles fluctuated between 2.0% and 5.1%. These RSM values were lower than 25%, which Lewicki [37] considered being an acceptable fit, and these values were close to those reported in the literature [11, 21, 32, 38, 39].




	
	
		
			
				
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
		
		
			
		
			
	


Figure 5: Experimental () and predicted () ice mass ratios as a function of cryoconcentration cycle.


During centrifugal freeze concentration application of orange juice, the ice acts as a carcass through which the solutes pass through channels among ice crystals in a similar manner as reported for freeze concentration assisted by vacuum [15] and centrifugal freeze concentration of sucrose solutions and fruit juices [21, 32].
4. Conclusion
Centrifugal freeze concentration is an effective technology to concentrate the solids from orange juice. Using this technique the concentration of solids, after the third cryoconcentration cycle, increased 4 times compared to the initial concentration and the ascorbic acid content in the concentrate showed retention close to 70% of the initial value. The performance of centrifugal freeze concentration of orange juice was attributed to the solutes which pass through channels among ice crystals.
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