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Abstract. 
Microwave-osmotic dehydration of cranberries was evaluated under continuous flow medium spray (MWODS) conditions after some pretreatments. A central composite rotatable design was used with three input variables at five levels (temperature, 33°C–67°C; sucrose concentration, 33°B–67°B; and contact time, 5–55 min).  Responses were moisture loss (ML), solids gain (SG), and weight reduction (WR) as well as color and texture parameters. The responses were related to process variables using response surface methodology and statistical analysis: each model was tested for lack of fit to assure nonsignificance 
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. Temperature was found to have the most prominent effect as it was significant with all drying (ML, SG, and WR) and quality (hardness and chewiness) parameters, while contact time was found to be significant with ML and WR. Concentration wasn’t found to be significant for any response. Increasing skin pretreatment severity generally promoted SG but had little effect on ML. The exception was chemical peeling, which favored ML but had no effect on SG. Overall, MWODS enables food dehydration in a much faster period of time than conventional osmotic dehydration (COD), while specifically promoting moisture loss over solids gain.


1. Introduction
Dehydration is one of the oldest methods of food preservation and is still prevalent in the food industry. The main objective of the dehydration process is to remove moisture to a point where the product is microbiologically and enzymatically stable and limit product deterioration during storage [1]. There is also an interest in producing dried ingredients which can then be incorporated into other products like breakfast cereals or baked goods. Drying often results in degradation of flavor volatiles, deterioration of color and texture, and an overall decrease in nutritional value, largely due to exposure to high temperatures for long periods of time in the presence of air [2]. Therefore, the key to improving the quality of dried products is to limit changes to the aforementioned quality characteristics during processing. 
Osmotic dehydration (OD) represents a mild processing step in which texture is only moderately affected, nutritional value is well maintained, and the product quality, especially the color, can often be enhanced throughout the process [3]. In osmotic dehydration, the driving force is the osmotic pressure across a semipermeable membrane, which in food products is the cell wall. In addition to water exiting the plant tissue there is also a counter-current flow of solutes from the osmotic solution into the product. Furthermore, since the plant cell wall does not represent a perfect membrane, there is usually also a small leakage of low molecular weight substances such as vitamins, minerals, or organic acids which diffuse out of the cell along with the water [4]. This last diffusion tends to be insignificant in terms of mass balance but can be important in terms of quality aspects; it has been noted that anthocyanin content in cranberries after OD was 10% less than in fresh berries [5]. 
OD can easily be adapted to industrial applications and represents an energy efficient means to obtain an intermediate moisture food product. The energy efficiency is attributed to both the use of moderate temperatures and to the fact that there is no need to provide the latent heat of vaporization because water is removed by physical diffusion instead of as a vapor [6]. One drawback of conventional osmotic dehydration is the relatively slow process and therefore there has been a push to develop techniques that can be applied in conjunction with osmotic dehydration in order to speed up the process without negatively affecting the product quality [7]. The methods are applied either before or during osmotic dehydration and examples include application of vacuum [8, 9], ultrasound [8] as well as pulsed electric field and high hydrostatic pressure [10]. 
In general, microwaves have been more commonly applied in conjunction with air drying in various other studies [11]. Microwave energy has proven to be effective in drying for several reasons. First, microwaves generate heat by exciting dipolar molecules (mainly water) and polarizing ionic salts; both of which try to orient themselves to the microwave field, causing rapid heating from within the sample itself, an effect known as volumetric heating [11]. During microwave-assisted dehydration there is a rapid and differential heat generated within the food product as a result of the microwave absorption, largely because the main component in the food product is water. This results in a pressure buildup within the food which in turn promotes moisture loss by forcing moisture out of the product [12]. In the case of osmotic dehydration, the increased rate of moisture loss under microwave conditions tends to reduce the inward flow of solids gain. This effect was demonstrated by Azarpazhooh and Ramaswamy, [6, 13, 14] and Li and Ramaswamy [15–17]. In these studies, apple cylinders were treated by combined osmotic and microwave drying with a continuous flow of the osmotic medium either in an immersion (MWODI) or spray mode (MWODS). As compared to conventional osmotic dehydration, these techniques were demonstrated to provide high moisture loss, weight reduction, and ML/SG ratio along with the low solids gain and short dehydration times. 
Cranberries (Vaccinium macrocarpon) represent an important cash crop in North America. The United States and Canada are the first and the second in world production and together represent about 98% of worldwide yield [5]. The vast majority of that crop is juiced, frozen, or dried prior to use, most often with sugar being incorporated because naturally cranberries are generally considered too sour and tart for direct consumption. As such, cranberries represent ideal candidates for osmotic drying because the incorporation of sucrose during the process sweetens the product as it is being dehydrated. Cranberries are also garnering interest for their health benefits which could include decreased risk of coronary heart disease [18], stroke [19], and lung cancer [20]. Moderate drying techniques are ideal in this case as high temperatures could destroy the heat labile flavonoid compounds responsible for these activities including various anthocyanins and catechins [21]. 
The objective of this study was to evaluate the potential for the MWODS process to be applied to a new product as each of the prior projects had been completed using apple cylinders. Further, as an extension to previous studies the focus was to quantify the effects of skin pretreatment and more specifically, MWODS process variables (temperature, contact time, sucrose concentration) on moisture loss, solids gain, and weight reduction, as well as texture and color changes in cranberry samples using a central composite rotatable design (CCRD) for the experiments and response surface methodology (RSM) for analysis of results. 
2. Materials and Methods
2.1. Raw Materials
Frozen whole cranberries (Ocean Spray Canada) were obtained from a local food service supply company and kept frozen (−21 to −27°C) until use. Prior to use the cranberries were thawed for one hour at room temperature water (approximately 20°C), following similar parameters to those already described for cranberries destined for OD [22]. Commercial grade sucrose (Lantic Sugar Ltd., Montreal, Qc, Canada) was used in conjunction with tap water for the osmotic solution, and the concentration was determined using a handheld refractometer (Model N2-E, ATAGO Company, Tokyo, Japan).
2.2. MWODS Setup
 The experimental setup used is illustrated in Figure 1 and was the same as previously described by Azarpazhooh and Ramaswamy [6, 13].



	
		
			
		
			
		
	



	
		
			
		
			
		
	








	
		
			
		
			
		
	





	
		
			
		
			
		
	



	
		
			
		
			
		
	









	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
		
		
	


	
		
		
		
		
	










	
		
			
				
				
				
				
			
		
	

Figure 1: Schematic of MWODS setup: A: microwave oven cavity, B: microwave transparent sample chamber, C: spray head, D: peristaltic pump, E: water bath (containing heat exchanging coils, not pictured), and F and G are thermocouple measuring points immediately before and after the solution enters and leaves the microwave cavity, respectively. 


3. Experimental Procedure
3.1. Sample Determination
 In this study some initial tests were performed in order to select a sample type because previous authors [23] made reference towards difficulty in working with cranberries for an osmotic dehydration process because of the resistance against water and solids transfer provided by the waxy skin that encases the fruit. For this series of tests frozen berries were thawed in room temperature water as previously described. Pretreatments were applied when the berries were completely thawed and immediately before the samples were placed in the MWODS setup. Each of these tests was done at the same conditions (50°C, 50°B, and 30 minutes), to demonstrate the effects of the skin pretreatments only. The treatments were performed as outlined here. The 7-hole treatment consisted of poking through the skin 7 times with a fine tipped needle. There were 5 holes places around the equator of the berry and one at each end. For scored berries the tip of a knife was moved around the long end of the berry (starting and ending at the stem) to create either a single U-shaped cut around the fruit for the “scored” type or two intersecting U-shaped cuts for the double-scored-type pretreatment. Halved berries were cut in half along the equator by hand just prior to treatment. Finally, for chemical peeling the berries were placed in 0.5% NaOH for 3 min at 25°C, quickly rinsed in tap water, blotted dry, and then placed in the MWODS setup as outlined by Grabowski et al. [23]. Each sample was prepared in triplicate, and the results averaged for Figure 2.
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(b)
Figure 2: Moisture loss and solids gain for various skin pretreatments of cranberries. Average values with standard deviation shown.


3.2. MWODS Experiments
Individual samples of approximately 20 g (17-18 berries) were weighed and placed in a Nylon mesh bag to contain the sample. The system was setup and solution was preheated according to the prescribed temperature of the run type. The sample was then placed on the acrylic stage in the sample chamber in a single layer, the pump was turned on and the solution allowed to flow, and then the microwave was turned on. After the allotted time the pump was stopped and the sample was removed. The berries were then rinsed twice in a container of room temperature tap water to remove excess sugar solution from the surface of the product. The cranberries were blotted with a moist paper towel to remove surface moisture, weighed again, and were then either examined for quality parameters or dried to constant weight in an oven set at 105°C for approximately 24 hours [24]. The moisture content of the frozen-thawed (untreated) berries was determined to be 89.08% (wb) on average.

3.3. Experimental Design
Design Expert v6.1 (Stat-Ease Inc, Minneapolis, Minnesota, USA) was used to create a central composite rotatable design (CCRD) with three factors (temperature, sucrose concentration, and contact time) at five coded levels each (−1.68, −1, 0, 1, and 1.68). The complete experimental design with both real and coded values can be seen in Table 1.
Table 1: CCRD experimental design for MWODS in coded (in brackets) and real values.
	

	Run #	Temperature (°C)	Concentration (°B)	Contact time (min)
	

	1	50 (0)	50 (0)	30 (0)
	2	50 (0)	67 (+1.68)	30 (0)
	3	50 (0)	50 (0)	30 (0)
	4	40 (−1)	60 (+1)	15 (−1)
	5	50 (0)	50 (0)	30 (0)
	6	40 (−1)	60 (+1)	45 (+1)
	7	60 (+1)	60 (+1)	15 (−1)
	8	40 (−1)	40 (−1)	15 (−1)
	9	40 (−1)	40 (−1)	45 (+1)
	10	50 (0)	33 (−1.68)	30 (0)
	11	60 (+1)	60 (+1)	45 (+1)
	12	67 (+1.68)	50 (0)	30 (0)
	13	60 (+1)	40 (−1)	15 (−1)
	14	33(−1.68)	50 (0)	30 (0)
	15	50 (0)	50 (0)	30 (0)
	16	50 (0)	50 (0)	5 (−1.68)
	17	50 (0)	50 (0)	30 (0)
	18	60 (+1)	40 (−1)	45 (+1)
	19	50 (0)	50 (0)	30 (0)
	20	50 (0)	50 (0)	55 (+1.68)
	



4. Quality Analysis
 For each run type, partial samples were taken for quality analysis, while the rest of the samples were dried until completion for the determination of solids gain and moisture loss.
4.1. Color Measurement
 Color values of the MWODS-treated samples were determined in the 
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 system using a tristimulus Minolta Chroma Meter (Minolta Corp., Ramsey, NJ, USA). The Chroma Meter was warmed up 20 minutes prior to use and calibrated against a white standard. Eight measurements were taken with each sample, and the values were averaged in order to obtain the 
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4.2. Texture Analysis
Texture profile analysis (TPA) of both the MWODS-treated samples and fresh berries was performed using a TA.XTPlus Texture Analyser (Stable Microsystems, Surrey, UK). TPA allows for the determination of a wide range of responses such as adhesiveness, chewiness, cohesiveness, fracturability, gumminess, hardness, and springiness [26]. In this study hardness and chewiness were selected as parameters of interest as they represent quality indicators one would experience during mastication of a raisin-type semidried product. Hardness was taken as the peak of the first curve (N), while chewiness (mJ) is calculated as the gumminess multiplied by springiness, as defined by Bourne [26]. The analysis was performed with eight replicates, and the average values (with standard deviation) are presented in Table 2. Analysis was performed by means of TPA using a flat bottom probe (25 mm diameter) with pretest speed of 1 mm/sec, test speed of 5 mm/sec and posttest speed of 5 mm/sec. The target was a distance of 10 mm, which represents the 50% of the average diameter of the cranberries tested. These settings were used with guidance from Rahman and Al-Farsi [27], who used TPA on a similar dried product (dates). 
Table 2: CCRD run numbers with results for post-MWODS drying and quality parameters (average values with standard deviation shown).
	

	Run #	ML (%)	SG (%)	WR (%)	Hardness (N)	Chewiness (mJ)
	

	1	22.2 (3.10)	2.73 (0.53)	22.4 (2.68)	162 (41.4)	89.9 (41.3)
	2	21.7 (1.16)	2.74 (0.16)	21.9 (1.10)	92.2 (25.8)	24.4 (14.5)
	3	23.8 (0.60)	2.75 (0.51)	24.0 (0.31)	154 (14.8)	64.8 (18.4)
	4	14.3 (1.29)	1.92 (0.22)	15.3 (1.30)	206 (61.5)	79.4 (28.4)
	5	22.3 (2.35)	2.28 (0.27)	22.9 (2.32)	157 (22.2)	62.6 (33.1)
	6	17.6 (1.77)	2.31 (0.21)	18.2 (1.94)	205 (27.9)	94.2 (22.5)
	7	22.5 (2.20)	1.99 (0.66)	23.5 (1.43)	162 (24.9)	66.6 (14.0)
	8	19.8 (1.26)	2.65 (0.86)	14.3 (2.75)	155 (24.5)	67.4 (13.9)
	9	22.0 (3.55)	1.79 (0.32)	23.2 (3.71)	257 (33.6)	184 (31.0)
	10	19.8 (1.26)	2.75 (0.31)	20.0 (1.56)	178 (38.0)	73.0 (30.0)
	11	29.7 (1.89)	3.27 (1.03)	29.4 (2.83)	125 (14.1)	36.0 (6.26)
	12	21.3 (3.09)	5.91 (1.30)	18.4 (2.86)	156 (66.8)	66.5 (48.0)
	13	23.7 (1.18)	2.20 (0.13)	24.5 (1.05)	180 (39.4)	66.3 (32.1)
	14	17.0 (3.65)	2.36 (2.34)	17.6 (3.62)	239 (36.4)	143 (23.6)
	15	22.1 (2.37)	2.34 (0.98)	22.6 (3.32)	156 (27.1)	49.9 (19.3)
	16	17.3 (2.11)	2.10 (0.58)	18.3 (2.50)	208 (20.4)	76.5 (12.5)
	17	21.7 (1.08)	2.49 (0.40)	22.1 (0.72)	183 (24.8)	105 (28.0)
	18	30.8 (2.87)	5.41 (2.62)	28.3 (1.49)	108 (17.6)	34.8 (10.6)
	19	25.1 (2.07)	1.93 (0.42)	26.1 (1.68)	194 (33.3)	77.0 (32.0)
	20	24.0 (1.14)	2.34 (0.52)	24.6 (0.78)	154 (17.2)	78.9 (35.2)
	Fresh	 	 	 	293 (71.9)	121 (69.7)
	



5. Osmotic Dehydration Responses and Data Analysis
To analyze the mass exchange that took place during osmotic dehydration, the parameters of moisture loss (ML), solids gain (SG), and weight reduction (WR) were calculated according to the following equations:
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, respectively. These equations assume a one-way mass transfer of sucrose into the product (i.e., there is no significant leeching of solids from the sample into the solution). These parameters were collected by weighing the samples before MWODS treatment (
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) was defined as the mass gained after drying to constant weight. Each run was completed in triplicate with average values used for data analysis.
6. Results and Discussion
6.1. Pretreatment
For most of the treatment types the moisture loss for the various skin treatments remained near constant and certainly within the error of the samples (Figure 2). The only exception is the chemically (NaOH) peeled sample, which did have a slightly higher moisture loss when compared to the rest. Interestingly, the halved berries provided nearly the same amount of moisture loss when compared to the whole berry. This is in contrast to Grabowski et al. [23], who found that cutting the berries in half increased the moisture diffusion by about 100-fold when compared to the mass transfer through the cranberry skin and overall by about a 4.5% increase in moisture loss over the length of the process. There are a few possible explanations for this change, including a smaller solution-sample contact area in a spray setup when compared to a traditional immersion setup. This is particularly important when you consider the positioning of the cranberry halves under the spray head. While each sample was placed facing “up” to sit like a bowl on the sample stage, if a stream of spray did not exactly enter and fill that piece, it would not have nearly the same, effect as if the sample was completely submerged in the solution. 
The solids gain for the most part increased with the level of destruction to the skin. The lone exception is that halved berries accounted for less solids gain, on average, than the double scored samples, although the variation is within the error. Also of interest is the fact that the chemically peeled samples showed no increased absorption of sucrose when compared to untreated samples. This suggests that while removing the waxy layer allows water to more easily traverse the skin, the skin tissue that remains may still be a physical barrier that prevents solids uptake. 
Since any of the previous pretreatments were considered to be fully satisfactory, it was decided to use the untreated whole berries for two key reasons. First, the unaltered skin on the whole sample provided an interesting property in that it would limit the uptake of solute. This is of particular interest in osmotic dehydration where it is optimal to provide a high ML/SG ratio, that is, providing the highest possible moisture loss while limiting solids gain [6]. Secondly, while the NaOH treatment increased the moisture loss and potential ML/SG over the untreated berries, it was concluded that the effect was not enough to justify the use of synthetic chemicals in the process. These results agree with another conclusion from a similar study where it was determined that chemical pretreatment provided no significant influence on water transfer during osmotic dehydration of cranberries [28]. However, throughout the study it was observed that there were random breaks in the skin likely due to the freeze-thaw process. This possibly contributed to the variation of the results and would have therefore reduced the accuracy of the predicting model. In future studies it may be advantageous to use a skin pretreatment in order to minimize these effects.
7. Response Surface Methodology (MWODS) 
 The experimental design for this set of experiments differed from traditional studies of osmotic dehydration. Because conventional osmotic dehydration is a relatively slow process, studies tend to fix variables such as temperature, concentration, and flow rate and measure samples at a given interval until a targeted equilibrium is reached [6]. Because of the requirement to test the statistical significance of each of the process variables (temperature, concentration and contact time) in a manageable number of experiments, a central composite rotatable design (CCRD) was employed and provided a set of 20 individual run types to perform that independently tests the effect of that parameter on the response (Table 1). By design, the program does not require duplicates of each individual run, as there are six repeated run types (center points) which determine the variability of the process and the lack of fit of the model. However, due to the intrinsic variability of microwaves in drying, each run type was performed in triplicate and the mean value entered into Design Expert for analysis (Table 2).

In working with a CCRD design one of the most important steps is to determine the statistical significance of the model and each of the parameters uses analysis of variance (ANOVA). The models selected for each of the responses in this study were selected according to their statistical significance and lack of fit values (Table 3). For moisture loss and weight reduction, this represented the linear model (both 
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). For each of the models it is critical to ensure that the lack of fit is not significant (
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); this value for each model is shown along with correlation coefficients in Table 3. Lack of fit is determined by testing the repeated center points, and an insignificant lack of fit tells us that the model is able to adequately predict the response variables. Using the predicting equations determined by Design Expert (Table 3), we can predict the outcome for responses such as moisture loss, solids gain, weight reduction, hardness, or chewiness depending on a function of input process variables.
Table 3: Selected model, predicting equation, and model evaluation for each response.
	

	Response	Model	Prob > 
	
		
			

				𝐹
			

		
	
	Equation in terms of actual factors	Lack of fit	
	
		
			

				𝑅
			

			

				2
			

		
	

	

	ML	Linear	<0.0001	
	
		
			
				M
				L
				(
				%
				)
				=
				0
				.
				6
				4
				9
				+
				0
				.
				3
				3
				6
				𝑇
				+
				0
				.
				1
				8
				0
				𝑡
				−
				0
				.
				0
				2
				3
				2
				𝐶
			

		
	
	0.0527 (NS)	0.7304
	SG	Quadratic	0.0018	
	
		
			
				S
				G
				(
				%
				)
				=
				9
				.
				5
				5
				0
				−
				0
				.
				3
				6
				7
				𝑇
				−
				0
				.
				1
				2
				8
				𝑡
				+
				0
				.
				0
				9
				3
				6
				𝐶
				+
				5
				.
				4
				5
				6
				×
				1
				0
			

			
				−
				3
			

			

				𝑇
			

			

				2
			

			
				−
				5
				.
				5
				3
				1
				×
				1
				0
			

			
				−
				4
			

			

				𝑡
			

			

				2
			

			
				+
				6
				.
				8
				3
				8
				×
				1
				0
			

			
				−
				4
			

			

				𝐶
			

			

				2
			

			
				+
				3
				.
				3
				0
				0
				×
				1
				0
			

			
				−
				0
				3
			

			
				𝑇
				𝑡
				−
				3
				.
				9
				1
				8
				×
				1
				0
			

			
				−
				0
				3
			

			
				𝑇
				𝐶
				+
				2
				.
				6
				1
				7
				×
				1
				0
			

			
				−
				4
			

			
				𝑡
				𝐶
			

		
	
	0.0556 (NS)	0.8749
	WR	Linear	<0.0001	
	
		
			
				W
				R
				(
				%
				)
				=
				0
				.
				0
				2
				7
				2
				+
				0
				.
				3
				5
				5
				𝑇
				+
				0
				.
				1
				5
				8
				𝑡
				−
				4
				.
				5
				6
				×
				1
				0
			

			
				−
				3
			

			

				𝐶
			

		
	
	0.2856 (NS)	0.8230
	Hardness	Quadratic	0.0233	
	
		
			
				H
				a
				r
				d
				n
				e
				s
				s
				(
				N
				)
				=
				5
				6
				.
				7
				0
				5
				−
				0
				.
				6
				0
				2
				𝑇
				+
				9
				.
				6
				6
				2
				𝑡
				+
				1
				1
				.
				4
				3
				3
				𝐶
				+
				0
				.
				1
				0
				9
				𝑇
			

			

				2
			

			
				+
				0
				.
				0
				2
				4
				𝑡
			

			

				2
			

			
				−
				0
				.
				1
				0
				8
				𝐶
			

			

				2
			

			
				−
				0
				.
				1
				7
				4
				𝑇
				𝑡
				+
				3
				.
				7
				1
				×
				1
				0
			

			
				−
				0
				4
			

			
				𝑇
				𝐶
				−
				0
				.
				0
				5
				6
				𝑡
				𝐶
			

		
	
	0.0839 (NS)	0.7765
	Chewiness	Interaction (2FI)	0.0006	
	
		
			
				C
				h
				e
				w
				i
				n
				e
				s
				s
				(
				m
				J
				)
				=
				1
				5
				5
				.
				6
				4
				4
				−
				3
				.
				1
				9
				4
				𝑇
				+
				1
				2
				.
				6
				2
				5
				𝑡
				−
				3
				.
				5
				9
				8
				𝐶
				−
				0
				.
				1
				6
				1
				𝑇
				𝑡
				+
				0
				.
				0
				9
				9
				𝑇
				𝐶
				−
				0
				.
				0
				8
				4
				𝑡
				𝐶
			

		
	
	0.5006 (NS)	0.8003
	


Where 
	
		
			

				𝑇
			

		
	
 is Temperature (°C), 
	
		
			

				𝑡
			

		
	
 is contact time (minutes), and 
	
		
			

				𝐶
			

		
	
 is concentration (°B); 
	
		
			
				𝛼
				=
				0
				.
				0
				5
			

		
	
.

8. Effects of Individual Process Variables
8.1. Moisture Loss
 Beginning with moisture loss, it was found that only the linear terms of temperature (
	
		
			
				𝑃
				<
				0
				.
				0
				0
				0
				1
			

		
	
) and contact time (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) had a significant effect on ML. No interactions or quadratic terms were found to have any significant effect. Based on the sum of squares produced by ANOVA (not shown), it can be stated that temperature had a larger effect than contact time in terms of determining moisture loss during MWODS. Since the coefficients for both of these terms were positive, it can be further stated that an increase in either of the variables would result in higher moisture loss. This makes sense in the context of previous studies as osmotic dehydration has been previously described as a temperature-dependant process [15]. Response surface plots showing the effect on moisture loss of increasing temperature (Figure 3(a)) and concentration (Figure 3(d)) as a function of a time show that while increasing temperature has a large effect on the ML whole cranberries over the length of the process, concentration has little to no effect. In this case, moisture loss remains relatively stable as concentration increases and changes mainly with longer contact times. Many studies have formed the general conclusion that increasing temperature or contact time increased moisture loss whether it is in an immersion or spray setup and with or without microwaves being applied [1, 6, 13, 15–17]. The effects of temperature on moisture loss can be largely attributed to three key points. First, higher temperatures reduce the solution viscosity, allowing better contact between the sample and the osmotic solution, higher mobility of water molecules, and overall higher extraction ability of the solution. This effect is particularly important at high sucrose concentrations where viscosity can cause issues in a spray-based system [6]. Second, higher temperatures cause the individual cells in the sample to swell, thereby increasing the moisture permeability across the cell wall, which normally moderates moisture movement. Finally, thermal energy promotes moisture diffusion within the sample itself, which means that the water molecules can more easily reach the sample surface and be removed into the osmotic solution. These three causes were determined by several studies [6, 15]. While contact time was found to provide a significant effect on the moisture loss of the sample, it was lower than that of temperature. This is in contrast to some previous studies on both conventional [1, 15] and microwave-assisted [6] osmotic dehydration; all of which concluded that contact time had the largest influence on moisture loss. Similarly, past studies concluded that concentration does provide a significant impact on moisture loss, just not as large as that of temperature [29]. These incongruities with past results were perhaps caused by the effect of the cranberry skin, which is naturally intended to keep water inside the fruit as well as foreign substances out. If on the skin, which is at the junction of the fruit flesh and the osmotic solution, there was a layer of sucrose that formed near the beginning of the run; it is possible that this would provide enough resistance to moisture removal that longer run times or increased concentration had no appreciable effect on the overall moisture loss.


	





	
	


































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	





	
	


































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
		
	




	
		
		
		
		
	




	
		
		
		
	




	
		
		
		
		
	




	
		
		
		
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	





	
	


































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
		
	




	
		
		
		
		
	




	
		
		
		
		
	




	
		
		
		
		
	




	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	

Figure 3: Response surface plots for dehydration parameters (ML, SG, and WR). For variable temperature plots (a–c), concentration was kept constant at its center point (50°B), while for variable concentration plots (d–f), temperature was kept at its center point (50°C).


8.2. Solids Gain
In terms of solids (sucrose) gain by the cranberry samples only the temperature had a significant effect, where it was found to be significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) at both the linear and the quadratic levels. The interaction effect between temperature and contact time was also found to be significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
). Like moisture loss, all of the significant terms for solids gain had positive coefficients, signifying that increasing temperature or contact time would results in higher solids gain. This effect can be visualized in Figure 3(b), where the interaction effect between contact time and temperature shows an increase in either of these variables resulting in increasing solids gain. These results agree with the general conclusions of several studies where increased temperature also increases the solids gain of the product [1, 6, 15, 30]. The concentration of sucrose in the osmotic solution was found to be insignificant and actually slightly decreased the solids gain. This trend can be seen in Figure 3(e), where higher concentrations actually result in lower solids gain throughout the range, an effect that partially disagrees with the majority of published reports. It has been seen in past studies that solids gain increases with solute concentration until extremely high concentrations at which point solids gain is often lower than at more moderate concentrations. This effect is likely caused by the formation of a dense superficial layer of solute at the surface of the sample, which then blocks further uptake of the solute [15]. While normally only evident at higher concentrations in the case of whole cranberries it is likely that the skin provides an additional barrier which blocks solids uptake in the fruit and facilitates the formation of the dense surface layer of solute, thereby slowing the uptake of solids over a broader range of concentrations instead of only at high concentrations. 
8.3. Weight Reduction
Since weight reduction is determined by the moisture loss mediated by the solids gain and the moisture loss is typically larger than the solids gain by an order of magnitude, it is expected that the responses of weight reduction and moisture loss will follow a similar trend [6]. Therefore, it is not surprising to see that for weight reduction, like moisture loss, only the linear terms of temperature (
	
		
			
				𝑃
				<
				0
				.
				0
				0
				0
				1
			

		
	
) and contact time (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) were significant, while all of the quadratic and interaction effects proved to be insignificant. For the linear terms, the positive coefficients confirm that increasing either the temperature or contact time would increase the level of weight reduction, much like moisture loss. In general, increasing temperature will increase the weight reduction over the length of the MWODS process (Figure 3(c)), which shows that higher temperature tends to favour moisture loss over solids gain, thereby promoting moisture loss. It can also be concluded that concentration had little to no effect on weight reduction (Figure 3(f)), where the increase was due to increased contact time alone. This is nearly identical to response of the same interaction for moisture loss (Figure 3(d)). 
8.4. Color
In this study, none of the parameters (or models) had any significant effect on the change in color measurements of the MWODS samples (in terms of 
	
		
			

				𝐿
			

			

				∗
			

		
	
 
	
		
			

				𝑎
			

			

				∗
			

		
	
 
	
		
			

				𝑏
			

			

				∗
			

		
	
, Chroma (
	
		
			

				𝐶
			

			

				∗
			

		
	
), Hue Angle (
	
		
			

				𝐻
			

			

				∘
			

		
	
), or total color change (
	
		
			
				Δ
				𝐸
			

		
	
) values). As such, none of these values are presented here. For these responses, statistical analysis dictated that the mean change in the value better represented the predicted outcome than any linear (or higher) model. There are two possible conclusions from this outcome; first there is the possibility that there was no significant change in the color throughout the MWODS process. This is quite possible as typically these quality tests have only been performed on finished products (after secondary drying). The second possible conclusion is that even the least severe MWODS treatment made some change to the color properties, and this change did not increase with increased treatment severity.
8.5. Texture
 Like color measurements, mechanical properties are typically only tested after the finished drying step, but the interest here was to see if the MWODS process caused any significant change in the textural attributes as a standalone process. For both chewiness and hardness the linear effect of temperature provided the only significant process variable effect, where 
	
		
			
				𝑃
				<
				0
				.
				0
				0
				0
				1
			

		
	
 and 
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
 for hardness and chewiness, respectively. For both of these responses the interaction effect between temperature and contact time proved to be significant on a 
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
 level; these interactions can be seen in Figures 4(a) and 4(b). The variable coefficients for these effects are negative, indicating that increasing either temperature or contact time actually decreases the hardness and chewiness when compared to the fresh product. This agrees with previous studies that have concluded that osmotically dried samples become softer and more plastic as samples losing these characteristics will become softer and less elastic, respectively [31]. It has been described that the mechanical properties of dried products are closely related to the physical state and structure developed as a result of typical deformations such as cell shrinking or swelling, changes in intercellular spaces (volume), and rupturing of cell bonds [32]. These changes influence mechanical behaviour in several fashions; first, air and liquid volumes within the sample change as solute is taken into the food, and the size of the product can be altered as well [9]. Secondly, detachment of the middle lamella of plant cells results in the loss of cell turgor which in turn affects the cell wall and puncture strength [33]. In examining the relationship between cell structure and texture, it would be a logical conclusion that higher temperatures and concentrations would exacerbate cell damage and therefore further affect the mechanical properties, which concur with the trends seen here. The effects of concentration of textural responses were more mixed. 


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
		
	




	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	







































































































































































































































































































































































































































































































































































































































































































































































































































	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	




	
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
		
	

Figure 4: Response surface plots for quality parameters (Hardness and Chewiness). For variable temperature plots (a, b), concentration was kept constant at its center point (50°B), while for variable concentration plots (c, d), temperature was kept at its center point (50°C).


9. Conclusions
Overall the level of destruction of cranberry skin increased moisture and solids diffusion, however, not to a significant extent. Therefore, the decision to leave the cranberries as a whole with no skin pretreatment was done in part to omit chemical peeling techniques and ease of processing but also to observe the ability of the MWODS system to overcome an the effect of a natural moisture barrier that is prevalent in small berries such as cranberries. A CCRD model combined with RSM analysis was used to determine the effect of individual process parameters (temperature, sucrose concentration, and contact time) on a series of responses (ML, SG, WR, hardness, and chewiness). The CCRD model was used to reduce the number of experiments required while still testing each variable independently. Overall, it was found that temperature was a significant factor for every response, where higher temperatures produced higher moisture loss, solids gain, and weight reduction along with reduced hardness and chewiness. Additionally, contact time was found to be a significant positive independent variable for ML, SG, and WR; implying increasing process time would in turn enhance these responses, while longer process times tended to decrease textural characteristics. Concentration effects tended to be minimal for each of the responses, which can be largely attributed to the unique properties of the cranberry skin. No model was found to be significant for any color change response, and therefore the color destruction during MWODS was insignificant. Overall it was found that the MWODS process is suitable for products like small berries; however, removal of the skin would make it easier to further model the process.
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