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Abstract

:

Ultrafiltration and diafiltration were proposed for the production of cloudy apple-cranberry juice of reduced sugar content. Ceramic membrane of 15 kDa MWCO was used in a cross-flow configuration, the retentate was treated as a final product. The juice before and after membrane treatments were characterized for total soluble solids content, glucose and fructose content, density, acidity, total phenolic content, antiradical activity, color parameters and FTIR spectra. The transmission of sugars after ultrafiltration was 24% and after diafiltration it reached 36%, with the simultaneous rejection of colloids, high molecular weight compounds and fine particles. The percentage of the reference intake of sugars connected with the consumption of 250 mL portion of obtained products was reduced from 27.0 to 20.7 and 15.7%, after ultrafiltration and diafiltration, respectively.
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1. Introduction


Fruit juices are an important part of the diet of both adults and children, as well as people with special dietary needs. They are a source of valuable vitamins, antioxidants and minerals [1]. However, they also contain a significant amount of energy and sugars (in apple juice on average 45 kcal, and 9.6 g in 100 g, respectively), similar to sweetened beverages [2]. When comparing the average energy and sugars content in one portion of apple juice (250 mL) to the reference intake presented in Regulation of the European Parliament and of the Council [3], which are 2000 kcal and 90 g, respectively, it is evident that while the energy intake connected with this consumption is relatively low (5.6% of the reference intake), sugars intake is much higher, and reaches even more than 20% of the reference intake.



Nowadays, consumers becoming more and more aware of the impact of diet on physical fitness and health, reluctantly reach for fruit juices despite their obvious taste and nutritional values. While consumption of whole apples can improve vascular function, decrease systolic BP and reduce cholesterol levels, clear apple juice has been associated with adverse effects, most likely due to its high fructose and low fibre content [4,5]. According to Gill and Sattar [2] the accepted guidelines recommending the consumption of 5 portions of fruit and vegetables per day should not include fruit juices. It has been shown that although consuming a significant amount of whole fruit results in a reduced or neutral risk of diabetes, drinking large amounts of fruit juices may lead to an increased risk of type 2 diabetes [2,6]. One glass of fruit juice contains much more sugar than one piece of fruit. Moreover, many nutrients, such as fiber, pectin, proteins and free amino acids, are found in juices in much smaller quantities or not at all [7]. A study presented by Bolton et al. [8], which compared whole oranges (2.5% fiber) to orange juice (fiber free) and whole grapes (1.3% fiber) to grape juice (fiber free) confirmed that whole fruit provided more satiety than juice, and the return of appetite was delayed. With oranges, and previously reported with apples, there was a significantly smaller insulin response to fruit than to juice and less postabsorptive fall in plasma glucose. According to Muraki et al. [6] relatively high glycemic load values of fruit juices along with reduced levels of beneficial nutrients through juicing processes (for example, the glycemic load values per serving are 6.2 for raw oranges and 13.4 for orange juice, and fibre levels per serving are 3.1 g and 0.5 g, respectively), may explain the positive associations between fruit juice consumption and risk of type 2 diabetes. According to former World Health Organisation (WHO) guidelines, a glass of juice could be treated as one of five portions of fruit and vegetables recommended for consumption during the day, but current official guidelines do not include juices in the list [9,10].



Among fruit juices, cloudy versions have gained an increased market value, due to their sensory and nutritional qualities [11]. They contain valuable ingredients, which are normally rejected during clear juice processing (especially clarification) [5]. That is why special attention should be paid to the possibilities to increase cloudy juice consumption (instead of clear juices), and methods which could be used for the reduction of sugar content in these juices. In the current study, we propose a novel sustainable approach for the production of low-sugar cloudy apple-cranberry juice, in which it is possible to utilize the retentate coming from cloudy juice ultrafiltration (UF) or diafiltration (DF). Such an approach to obtain a low sugar juice fraction was firstly proposed and patented by Black and Bray [12]. Sugar separation processes involve ultrafiltration, nanofiltration and optionally reverse osmosis. However, so far it has not been verified by laboratory investigations focusing on the selectivity of the membrane process and determination of physicochemical properties of low-sugar product obtained by such membrane treatment.



The application of membrane technologies for the production of low-sugar juices fits well with sustainable food processing (SFP), an integral part of the sustainable food supply chain and sustainable development based on the use of low energy, low-impact processing schemes to produce food with excellent quality and nutritional value close to (or better than) that of a fresh product [13]. Membrane technology can be classified as a sustainable food production technique, as it is environmentally friendly due to low energy consumption [11,14]. Moreover, thanks to mild conditions, the membrane treatment does not deteriorate a product’s quality as much as traditional thermal processing. Apart from the improvement of healthy food quality and nutritional value, SFP additionally focuses on the simultaneous exploitation of food processing wastes, which is also connected with the proposed technology. The proposed juice membrane treatment, when implemented into industry, would give the benefit of reduced waste during juice processing. According to Rabetafika et al. [15], in the case of fruit processing, the production of apple juice generates a huge volume of waste considering the annual processed tonnage of up to 12 million tons. At present, membrane processing of juices on an industrial scale is carried out in order to replace the stages of filtration, decanting and partially evaporation during the production of concentrated and clear juices, and the subject of producer’s interest is the ultrafiltration permeate (clear juice) [16,17]. During such processing at the UF stage, a significant amount of by-product is generated (UF retentate), although it contains the compounds of high nutritive potential: dietary fiber, pectins, polyphenols, and oligosaccharides [11,15,18]. Van der Sluis et al. [19] presented that the levels of flavonoids and chlorogenic acid in apple juice were reduced to between 50% (chlorogenic acid) and 3% (catechins) compared to fruit. In the proposed technology, the approach is opposite—UF/DF retentate (optionally subjected to further treatment), containing potentially valuable components (e.g., pectins) and lower sugar content than the feed juice, is the subject of interest. At the same time, the stream of generated permeate can be also treated as a clear juice, or can be utilized for the production of traditional fruit beverages.



Apple juice is one of most popular fruit juices, while cranberries are increasingly popular, mainly due to high phytochemicals content and positive implications for health [20,21]. Thus, the aim of work was to investigate (1) the performance of ultrafiltration and diafiltration of apple-cranberry cloudy juice; (2) the selectivity of both membrane techniques; (3) the physicochemical properties of obtained products (retantates); (4) the values of sugars reference intake connected with the consumption of obtained products (retantates).




2. Materials and Methods


2.1. Materials


Apple-cranberry cloudy juice (ACJ) was derived from a local producer Sadvit (Poland) directly after cold pressing and mild pasteurization (80 °C). Reagents for total phenolic content and DPPH radical scavenging activity determination were supplied by Sigma-Aldrich (St. Louis, MO, USA).




2.2. Ultrafiltration and Diafiltration


A pilot-scale cross-flow laboratory ultrafiltration unit (OBR, Poland), equipped with a ceramic tubular membrane (15 kDa MWCO, 0.35 m2) from TAMI Industries (France) was used for ultrafiltration (UF) and diafiltration (DF) processes. The main reservoir was filled with the juice (10 L), then the pump was started. Immediately, the initial permeate (P) flux J was measured, and later was expressed as flow rate normalized by the membrane area (m3·s−2·m−2). Next, after the collection of subsequent 250 mL P portions, the following activities were done every time: J measurement, P and retentate (R) sampling for total soluble solids determination, and, during DF—the addition of 250 mL of water to the main reservoir. UF was processed until the complete decline of J (it was observed after 145 min), while DF for 240 min. Obtained P and R were weighed, and samples were taken again for further analysis (R was treated as low-sugar product). Transmembrane pressure during both processes was 0.35 MPa. Schematic diagram of the installation is presented in Figure 1.




2.3. Analytical Methods


Juice, permeate and retentate after UF and DF were subjected for physicochemical determinations, as described below.



Total soluble solids content (TSS) was determined by a PAL-3 digital refractometer (ATAGO, Tokyo, Japan). Color parameters L (lightness), a* (redness/greenness) and b* (yellowness/blueness) were measured by a CR-5 colorimeter (Konica Minolta, Tokyo, Japan) in CIE L a*b* system. Total color difference ΔE of P and R compared to ACJ was calculated:


  E =      (  Δ L  )   2  +    (  Δ a  )   2  +    (  Δ b  )   2    ,  



(1)







Density (D) measurement was carried out using a portable Densito 30 PX device (Mettler Toledo, Tokyo, Japan), while pH determination was done using CP-505 pH-meter (Elmetron, Zabrze, Poland), both with automatic temperature compensation. Total sugars, glucose and fructose content were determined by high performance liquid chromatography HPLC with refractive detection (1200 series, Agilent Technologies, Santa Clara, CA, USA). Non-sugar soluble solids content (NSS) was calculated as a difference between TSS and TS.



Total phenolic content (TPC) was determined by colorimetric assay, with the Folin–Ciocalteu reagent in an alkali environment (Na2CO3 solution, 20% w/v) according to the method of Slinkard and Singleton [22]. Extract (70% aqueous acetone), Folin–Ciocalteu reagent and Na2CO3 were mixed and incubated for 20 min at room temperature. The absorbance was determined using UV-mini 1240 spectrophotometer (Shimadzu, Tokyo, Japan) at 700 nm. The results were presented as gallic acid (GA) equivalents/100 g, based on standard curve.



Antiradical activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was evaluated according to the modified method of Song et al. [23]. Extract (70% aqueous acetone) was diluted with methanol and mixed with DPPH• solution. After 30 min of incubation at room temperature the absorbance was measured at 562 nm (UV-mini 1240 spectrophotometer, Shimadzu, Japan). The antioxidant activity was calculated by reference to a control sample.



Titratable acidity (TA) was determined by titration with 0.1 M NaOH solution, and calculated as mass of mallic acid (MA)/100 g.



Measurements of the ATR-FTIR background corrected spectra (25 scans for each sample) were carried out with the use of a HATR Ge trough (45° cut, yielding 10 internal reflections element) crystal plate at 20 °C, and were recorded with a 670-IR spectrometer (Agilent, Santa Clara, CA, USA). Samples were freeze-dried before the measurement, to avoid the influence of water. The Ge crystal was cleaned with ultra-pure organic solvents (Sigma-Aldrich). The instrument was continuously purged with argon for 40 min before and during measurements. Absorption spectra at a resolution of one data point per 1 cm−1 were obtained in the region between 3750 and 700 cm−1. Scans were Fourier-transformed and averaged with Grams/AI 8.0 software (Thermo Fisher Scientific, Waltham, MA, USA).




2.4. Calculation of Membrane Performance


Membrane selectivity regarding certain species (TSS, Glu, Fru, TS, TA, NSS and TPC) was expressed as recovery R (%) factor:


  R =    m R     m  A C J     · 100 % ,  



(2)




where mR and mACJ are the mass of each compound in R and ACJ, respectively [24].




2.5. Statistical Methods


The statistical differences were verified through one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference test with a = 0.05. In order to determine and visualize the differences between feed juice, permeate and retentate after UF/DF processes, and the relationships between observations and variables, principal component analysis (PCA) was applied. PCA is a multivariate statistical method which allows a large number of sample data sets to be described in terms of a much smaller number of principal components. The first principal component (PC1) describes the gross average features of the data sets, while the second (PC2) and subsequent principal components introduce further specific features of decreasing significance [25]. A matrix of 5 × 12 (5 samples and 12 variables) was analyzed after the standardization of the input data was carried out to convert all the data to the same unit and to avoid a scale effect.



Hierarchical cluster analysis (HCA) was also used to visualize the differences between feed juice, permeate and retentate after UF/DF processes, as well as as a chemometric methods for the visualization of the differences between FTIR spectra of 5 investigated samples. The construction of dendrogram was performed using Ward’s linkage algorithm [26]. For calculating the spectral distance, the Euclidian distance was used.



Analysis were done in STATISTICA v.13 software (Dell Inc., Round Rock, TX, USA).





3. Results


3.1. Ultrafiltration and Diafiltration Processing


The changes of relative normalized P flux during both processes is presented in Figure 2. J/J0-time curves were divided in three sections. At the beginning, until 23 min, a rapid initial P flux decline was observed. According to Bruijn et al. [27], during the initial stage of UF, solutes with a size range much smaller than that of the membrane pores pass through these pores, where may be adsorbed and deposited due to various forces, leading to the formation of a colloidal film on the internal pore surface, and as a consequence, the reduction of pore size. Moreover, the sharp decrease at the beginning of UF can be attributed with the presence of pectin, adsorption of colloidal species and the build-up of a concentration polarization layer [16,28]. Next, from 23 to 120 min, relatively smoother and slower decline of P flux took place. It resulted from the accumulation of solutes and colloids on the external membrane surface. In these two ranges the performance of UF and DF, described by the changes of J/J0, was surprisingly almost the same. Only after 120 min was there a difference between UF and DF—during DF J/J0 was quasi-stable until 250 min, while during UF the P flow stopped at 140 min due to fouling caused by pore blocking and cake build-up. According to Yazdanshenas [29], a modified filtration step, namely diafiltration, in which make up water is added to the retentate, is carried out to maintain P flux. Wei et al. [24] observed that J declined immediately after starting the UF process (for phenolic compounds separation from apple juice), but due to the diluting of R by adding pure water it could be recovered. However, in the case of apple-cranberry cloudy juice, water addition did not affect the changes in P flux until 120 min of the DF process, the dynamic of J/J0 changes was the same as during UF. The DF approach was successful later in the process, after 120 min further decline of P flux was prevented as a result of water addition. Thus, by this method it would be possible, during a prolonged process, to completely separate sugars, salts and acids from juice containing pectin and other macromolecules.




3.2. Characterization of Permeates and Retentates


3.2.1. Physicochemical Properties


Physicochemical properties of apple-cranberry cloudy juice before and after membrane processing by UF and DF are summarized in Table 1. As TSS, Glu, Fru, TS determined in ACJ were significantly higher (p < 0.05) than in the rest of the samples (including UF and DF retentate considered as final products—low sugar juices), it could be stated that the main goal of the work, which was the reduction of sugars content in cloudy juice, was achieved. TS of cloudy juice was reduced from 9.8 ± 0.2 to 7.5 ± 0.2 and 5.7 ± 0.2%, after UF and DF, respectively. There was also a significant difference in every parameter, except pH, between RUF and RDF, so the type of the processing (UF or DF) affected the properties of the product. It resulted mainly from the dilution by DF water during diafiltration, but also from the selective transport of juice components though the membrane (details about the selectivity—see Section 3.3) and “washout” effect. The same effects occurred in the work on grape and apple juice ultrafiltration presented by Carrín [30], pH value did not change significantly after membrane processing. TPC and color parameters were also affected by membrane processing, but the difference between values in ACJ and RUF were statistically not significant (p > 0.05). The amounts of scavenged DPPH differed significantly for tested samples. The most effective radical scavenger was non-treated sample ACJ. RUF had also high radical-scavenging capacity, but significantly lower (p < 0.05) than ACJ (the reduction by 13% compared with initial value). In both cases of the membrane process, permeates were significantly less effective radical scavengers than retentates. Moreover, RUF had significantly higher activity than RDF. It suggests that active compounds showing strong antioxidant capacity were selectively transmitted by the membrane, which was also confirmed by higher TPC in retentates. For processed juice, color is an important quality indicator [31]. The effect of membrane processing on cloudy juice color parameters and resulting ∆E value is evident due to the clarification process taking place during UF and DF. Thus, ∆E was at an extremely high level for permeates: PUF and PDF (the difference between these two samples was statistically not significant). Color parameters of RUF were not significantly different (p > 0.05) than before UF, but the retentate after DF (RDF) had significantly (p < 0.05) different color parameters than ACJ. Also, ∆E was higher than for RUF, what could be caused by the addition of water during DF.



Above described results suggest that RUF sample was the most attractive from the point of view of reduced sugars content, but not reduced TPC, not changed color parameters, and radical-scavenging capacity reduced only by 13%.



The presence of polyphenols in apple juice is considered one of the factors affecting products instability (changes in aroma and color). It has been shown that among the main negative changes, which take place in raw fruit materials during processing, there are oxidative polyphenol conversions and polymerization of products of oxidative reaction [32]. Polyphenols are susceptible to dehydrogenation by polyphenol oxidases in the presence of oxygen to form unstable quinones. These compounds are responsible in further reactions (e.g., interactions with proteins and polymerization) for development of dark-colored pigments [33]. During conventional apple juice processing, including UF clarification, polyphenols are removed to obtain clear juice with an adequate level of stability [34]. However, polyphenols are also described as key components of apples having a cardioprotective effect, antioxidant ability, ability to prevent oxidation of high-density lipids, remove low-density lipids and fight against ulcer and cancer [5,24]. In addition, there is also emerging evidence that coingestion of polyphenols with other whole food components, such as fibre, can improve their bioavailability and bioefficacy [5].



In recent years, the interest of consumers and producers for bioactive compounds, especially phenolic compounds from natural sources, has increased remarkably [35]. Therefore, in the current approach of production of value-added cloudy apple-cranberry juice, the presence of polyphenols in the final product has to be considered as favorable. As was presented above, the difference in TPC between ACJ and RUF was statistically not significant, while in RDF the concentration of TPC was significantly lower than in ACJ. According to Onsekizoglu et al. [36] UF of apple juice with the use of 10 kDa membrane retained 28% of TPC, which explained the improvement of color after UF (final product in this traditional approach is permeate). The authors also implied that most of the phenolics in apple juice existed as conjugated forms or they were associated with other compounds to form larger molecular weight compounds, and then were rejected by the membrane of 10 kDa (the discussion about the recovery in the current work—see Section 3.3).



To prevent storage instability caused by polyphenols oxidative processes, the addition of antioxidants can be suggested. Nowadays consumers are increasingly demanding natural products, clean label solutions, and to avoid the use of any “artificial” substances, the application of natural antioxidants can be recommended [37]. As cranberry juice (Vaccinium macrocarpon Ait) was successfully used as a browning inhibitor for fresh-cut pear salad [38], the preparation of mixed types of juice (containing cranberry juice) can give the advantage of both increased nutritional value, as well as the potentially increased storage stability (to be verified in further investigation). The other currently tested option of clean label possibility is the addition of kiwifruit puree, which was verified to improve the quality characteristics and minimize the degradation during storage of cloudy apple juice [31].




3.2.2. FTIR


In this study, FTIR-ATR was also used to compare samples based on their spectral differences in the 3750–700 cm−1 spectral region. This method provided an alternative, cost-effective technique for the analysis of food samples (including honey and fruit juice), especially when coupled with chemometrics [39,40], which makes it possible to discriminate between samples of various composition and concentration [41].



In order to facilitate band characterisation as well as comparison between samples, Figure 3 presents the ATR-FTIR spectra with an indication of the relevant band maxima. In Table 2, the exact position of bands juxtaposed with specific oscillations associated with respective functional groups are presented. Additionally, all the measured spectra were normalised at the wave number of 1050 cm−1 to facilitate interpretation of the results as well as to emphasise the differences between the same.



All the measured spectra revealed, within the analysed range, relatively strong oscillations, which to a large extent made their analysis feasible and allowed respective oscillations to be associated with specific functional groups, which in turn corresponded to changes in particular substances. Respectively, the bands with maxima at approx. 1250 cm−1 correspond to stretching oscillations of the C–O group in carboxylic acids. Bands with maxima at approx. 1338 cm−1 correspond to the oscillations of deformation δ (–OH) groups in the C–OH group [41]. Deformation C–H oscillations also correspond to bands with maxima at approx. 915 cm−1, which can also originate from acids. The aforementioned bands reveal only slight differences after application of UF and DF factors, naturally with the exclusion of the RUF sample for which the level of oscillation of the band with the maximum at 915 cm−1 was significantly higher. In the case of bands with the maxim at approx. 1338 and 1247 cm−1 respectively, a significantly higher level of oscillation was observed in samples subjected to the UF process, which evidenced the higher level of the aforementioned factors in those samples. A characteristic area corresponding to the stretching oscillations of –OH groups is the broad band with the maximum at approx. 3330–3350 cm−1 [42]. The bands evidence the presence of small amounts of water molecules in the samples, but above all can originate from group carbohydrates and organic acids.



Another characteristic area present in all the analysed samples contains bands corresponding to symmetrical and asymmetrical oscillations of –CH2 and –CH3 groups in the region of 2850 to 2950 cm−1. The lowest intensity of these bands was observed in the DF samples. It should be emphasised that the reason for the significant broadening of the band corresponding to the stretching oscillation of the OH group stems from the strength of the hydrogen bonds present in dimers of carboxylic acids [41]. Carboxylic acids are characterised by a somewhat irregular character of absorption in the 3300–2500 cm−1 area, with the broad O–H band overlapping with the C–H stretching oscillation bands. Oscillations of the –OH group belonging to various acidic fractions also correspond to deformation oscillations of the group in the region with the maximum at approx. 1640 cm−1 [43,44]. A region of very intensive bands within the range from 1060 to 930 cm−1 can be associated with the C–O stretching oscillations in the C–OH group or C–C stretching in the carbohydrate structure. In turn, bands with the maxima at approx. 918 cm−1 are the bands of the C–H deformation oscillations (as mentioned above). Another interesting region is very characteristic in terms of the assessment and characteristics of samples such as various types of juice; bands in the range from 890 to 760 cm−1 (in our case with the maxima at approx. 820, 772 cm−1 and others indicated in Table 2) correspond to the characteristic oscillations of the anomeric region of carbohydrates or deformation C–H. Moreover, the relatively intensive bands with maxima at approx. 770 cm−1 are bands associated with the oscillations of the anomeric region of carbohydrates or deformation C–H (δ (C–H)). The region is characterised by considerable differences between particular samples, which evidences a significant change in terms of bond conformation in various sugar fractions (glycoside bond). Significant discrepancies between UF and DF samples were also observed in terms of bands with the maxima at approx. 1412 cm−1. Oscillations in the aforementioned spectral band are characteristic of O–CH and C–C–H deformation oscillations in the carbohydrate structure, or deformation oscillations originating from the –OH group in the C–OH grouping. According to Anguebes et al. [45], they may also be related to the presence of organic acids, carotenes, and polyphenols. Changes in this region clearly evidence smaller amounts of particular sugar fractions in the samples subjected to the DF process.



However, particularly significant discrepancies between all the samples were observed in the area from 1750 to 1550 cm−1, which corresponds to the oscillations of the carbonyl C=O group of fructose and aldehyde CH=O of glucose [41,43,46]. In particular, the decrease in the intensity of those bands was observed in samples subjected to the DF process (PDF and RDF) when compared to both UF samples. One should also emphasise the near complete disappearance in DF samples in the aforementioned area of the band with the maximum at approx. 1580 cm−1 which, alongside the aforementioned bands, may also correspond to the stretching oscillation of the N–H group in the band of free amino acids. Oscillation with the maximum at approx. 1640 cm−1 corresponds to the stretching vibration of C–H bonds that constitute the chemical skeleton of sugars.



Hierarchical cluster analysis was applied to display differences between FTIR spectras for particular samples. Figure 4 shows a dendrogram chart in which the formation of the individual clusters can be seen: cluster I containing a non-treated sample and samples after UF, and cluster II containing samples after DF. This division confirms significant influence of membrane treatment on juice composition. Additionally, in cluster I, containing a non-treated sample and UF samples, RUF sample was more similar to ACJ than PUF.





3.3. Selectivity of Ultrafiltration and Diafiltration


Both the determination of particular physicochemical properties, and the analysis of FTIR spectra, does not give the full overview about the progress of the membrane processing and the characteristics of the obtained products. Additionally, for these purposes, the selectivity of UF and DF was described, based on recovery factor R (Table 3).



R of individual compounds (TSS, TS, Glu, Fru, TPC, TA) after UF was at the same level (0.76–0.77), while for NSS it was lower (0.72). This means that the applied membrane was selective for juice compounds, sugars (TS, Glu, Fru) were transmitted together with acids (TA) and polyphenols (TPC), while the transmission of other non-sugar soluble compounds to the permeate was higher. However, the obtained juice contained insoluble phase, fibre and high molecular weight solids (including pectins) of potential health-promoting properties, coming from ACJ. According to Riedl et al. [47] unclarified apple juice contains soluble pectin with a molecular weight distribution centered around 100 kDa. Other authors [15] used UF to separate apple pectin on the basis that 68% of the pectin have a molecular weights over 300 kDa whereas a minority has a molecular weight below 5 kDa. Thus, 15 kDa membrane used in the current work should reject the majority of pectin present in ACJ. Conidi et al. [35] presented lower rejection (17.7–26.6%) of TPC after UF of orange juice, but membranes of higher MWCO were used (50 and 100 kDa MWCO)



It has to be emphasized, that although in general UF membranes are not a barrier for glucose and fructose (the size of pores is bigger than the size of molecules), during the process not every molecule of sugars had a possibility to contact the membrane, due to the fact that the process was performed in a dynamic mode (the flow of feed/retentate was perpendicular to the membrane).



After DF, the recovery factor R of TSS, TS, Glu, Fru, TPC and TA was lower than after UF (0.58–0.64), which resulted from longer processing and the “washout” effect due to water addition. Moreover, some differentiation of values for individual components could be observed. The recovery of polyphenols (TPC) was lower than of TSS, acids (TA) and sugars (TS). According to a previously published work [24], UF can be applied for the separation of polyphenols from sugars present in apple juice. Under optimum operating UF conditions (1 kDa MWCO, TMP 4 bar, temperature 30 °C, feed flow rate 1–1.8 L/min, pH 3 and 10 °Brix), 70% of polyphenols were transmitted to the permeate, while only approx. 20% of the sugar was present in that stream. Thus, it was a similar effect as observed during DF in the current work, of higher transmission of polyphenols than sugars. This effect is not favorable from the point of view of the aim of the current work. As was discussed above, polyphenols with their natural antioxidant ability, if possible, should be retained in the proposed products, provided that the addition of some antioxidants will prevent them the from the oxidative and post oxidative transformations. On the contrary to UF, after DF the recovery of NSS was higher than of other compounds.



In the patent published by Black and Bray [12], dealing with membrane hybrid processing of fruit juices to obtain low-sugar juice, the subsequent nanofiltration (NF) step after UF is proposed, in which acids (including ascorbic acid), minerals, and other water-soluble components transmitted to permeate during UF, can be separated from sugars. As was presented by Cassano et al. [48], Condi et al. [49], and Conidi et al. [50], phenolic compounds can be separated from sugars by the adequate NF membrane, rejecting phenolic compounds and transmitting sugars. Then, NF retentate could be included in the final product for these compounds retrieval. The most appriopiate NF membrane for this purpose should have 400–450 Da MWCO. In the results presented by Conidi et al. [50] the rejection of 450 Da membrane towards flavonoids was in the range 91–99%, while for sugars it was 48%, indicating the best performance in terms of separation between sugars and flavonoids (among membranes of 450, 750 and 1000 Da MWCO). According to Conidi et al. [49] high rejection of NF membranes (200, 400, 1000 Da MWCO) towards anthocyanins results from a positive charge in their structure and electrostatic interaction with the membrane structure.




3.4. A Glass of Juice


The aim of the work was to propose the reverse approach for membrane processing of juice, in which the retentate coming from UF/DF is treated as a final product of reduced sugars content. To prove the validity of this approach, the calculations were done to present the amount of sugars, and non-sugars soluble solids, in one glass (250 mL) of obtained products (UF and DF retentates). The amount of sugars in one portion of juice decreased after UF and after DF even more (Table 4). The percentage of sugars reference intake, connected with the consumption of 250 mL of juice, was decreased from 27.0 to 20.7 after UF, and 15.7% after DF.



In the case of non-sugar soluble solids content, it was increased after UF, but decreased after DF. However, the simultaneous reduction of sugars content resulted in both cases in the favorable increase of the ratio of sugars to non-sugars soluble solids content. In addition, considering that retantates contained the full amount of dietary fibre and other macromolecules present in juice, characterized by health promoting properties, the obtained products could in fact be described as functional, value-added products.



Moreover, the suggested method could help to reduce the amount of waste coming from fruit processing, with simultaneous exploitation of valuable ingredients, perfectly fitting into the strategy of sustainable food processing and sustainable development.




3.5. PCA and HCA Analysis


The original data set of samples was a 5 × 12 matrix. PCA analysis reduced the original 12 variables to 2 principal components. 81.59% of variance was described by the first principal component PC1, while 11.33% by the second component PC2. The two-dimensional plot with PC1 and PC2 as the axes is shown in Figure 5. Namely, a high magnitude (near to +1 or −1) for factor loading means that the variable is highly correlated with that factor, but >0.5 can be enough for importance [51]. The positive part of the first principal component reflected TA, TSS, TS, NSS, Glu, Fru and color parameters. The negative part of the first principal component reflected mostly TPC and DPPH. The second principal component described mostly pH. TA, TSS, TS, NSS, Glu, Fru and color parameters were closely correlated to each other (they were located in the same point). TPC was strongly correlated with DPPH, which was caused by the antioxidant ability of polyphenols.



A score plot of the first two principal components (Figure 6a) is most commonly used to display the cluster outcomes of given data sets where samples having similar scores are positioned closely together. This technique facilitates classification and individualization of samples in an objective and reproducible manner, the more closely together particular samples cluster in the scores plot, the more similar they are [52]. Sample ACJ formed an individual cluster I, while PUF and RUF were in cluster II, located more closely to ACJ than samples after DF. PDF and RDF (cluster III) were ‘similar’, located in the in the diagonally opposite quadrant from PUF. The only sample located in the same quadrant as ACJ was RUF, so it can be concluded that it was the most similar sample to untreated juice. The RUF sample was also the most similar to ACJ in the hierarchical cluster analysis of FTIR spectra.



Clusters formation can be also presented as a dendrogram chart (Figure 6b). The horizontal axis of the dendrogram represents the distance or dissimilarity between clusters, while the vertical axis represents the objects and clusters. Each joining (fusion) of two clusters is represented on the graph by the splitting of a horizontal line into two horizontal lines. The horizontal position of the split, shown by the short vertical bar, gives the distance (dissimilarity) between the two clusters. Based on the positions of lines, if the final number of clusters was to be 2, the sample ACJ, PUF and RUF would form the first cluster (I), and PDF with RDF samples the second cluster (II). If there were to be 3 clusters, the ACJ sample would split from the first cluster and form an individual cluster, PUF and RUF would form the second, while PDF with RDF forming the third cluster. The horizontal distance for each cluster is different, showing different similarity of samples inside the clusters: samples after DF were more similar to each other (distance 2.15) than samples after UF (distance 3), while the similarity of ACJ sample to UF samples was the weakest (distance 4.6)



Cluster analysis confirmed the information about the significant influence of applied membrane technologies on juice properties, and also about the differences between UF and DF.





4. Conclusions


Cloudy apple-cranberry juice was ultrafiltrated and diafiltrated in order to obtain the functional value-added product of reduced sugar content. Contrary to the traditional membrane processing during clear juice production, retentates from UF and DF were treated as final products. Thanks to the applied membrane processes, the percentage of sugars reference intake, connected with the consumption of 250 mL of juice, was decreased from 27.0 to 20.7% (ultrafiltration), and 15.7% (diafiltration). Due to selective properties of the membrane, retentate/juice after ultrafiltration had significantly lower sugar content than feed juice, while the content of phenolic compounds was not significantly changed. On the contrary, after diafiltration phenolics content was reduced. Thus, ultrafiltration was more favorable method for the reduction of sugars content, because of polyphenols “washout” during diafiltration. Although there are several diverse effects of phenolics on juice storage stability, the presence of these compounds in the proposed products has to be considered as favorable, and increasing nutritional value of reduced sugar juice. The storage stability of such obtained products should be carefully investigated in the next steps of the research. As was suggested, one of possible methods to prevent juice from storage instability could be the addition of clean label ingredients, including cranberry juice or kiwi puree.
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Figure 1. Schematic diagram of the installation used for ultrafiltration (UF) and diafiltration (DF) of cloudy apple-cranberry juice. 
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Figure 2. The changes of J/J0 during ultrafiltration (UF) and diafiltration (DF) of cloudy apple-cranberry juice. 
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Figure 3. Infrared spectra of the analysed juice samples: ACJ, PDF, RDF, PUF, and RUF in the spectral range from 700 to 3750 cm−1. 
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Figure 4. Discrimination of apple-cranberry cloudy juice samples before and after membrane processing based on hierarchical cluster analysis (HCA) of FTIR spectra (B). 
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Figure 5. Principle component analysis of cloudy apple-cranberry juice processed by ultrafiltration and diafiltration, the response of 12 determined parameters. 
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Figure 6. Principal component score plot of the effect of the first two discriminant functions in the classification of different samples considered (a), and dendrogram obtained by hierarchical cluster analysis (b). 
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Table 1. Total soluble solids (TSS), glucose (Glu), fructose (Fru), total sugars (TS), non-sugar soluble solids (NSS), density (D), pH, total acidity (TA), total polyphenols (TPC), DPPH antioxidant activity (DPPH) of apple-cranberry cloudy juice before (ACJ) and after membrane treatment: permeate after UF (PUF), retentate after UF (RUF), permeate after DF (PDF), retentate after DF (RDF).
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	ACJ
	PUF
	RUF
	PDF
	RDF





	TSS (°Brix)
	12.4 ± 0.0 e
	9.6 ± 0.0 c
	10.4 ± 0.0 d
	6.8 ± 0.0 a
	8.1 ± 0.0 b



	Glu (g∙100 g−1)
	2.1 ± 0.1 c
	1.6 ± 0.1 b
	1.7 ± 0.1 b
	1.5 ± 0.1 b
	1.2 ± 0.1 a



	Fru (g∙100 g−1)
	7.0 ± 0.1 d
	5.1 ± 0.1 b
	5.8 ± 0.1 c
	4.7 ± 0.1 b
	3.9 ± 0.1 a



	TS (g∙100 g−1)
	9.8 ± 0.2 d
	7.3 ± 0.1 bc
	7.5 ± 0.2 c
	6.7 ± 0.2 b
	5.7 ± 0.2 a



	NSS (%)
	2.6 ± 0.0 c
	2.3 ± 0.0 b
	2.9 ± 0.0 d
	0.1 ± 0.0 a
	2.4 ± 0.0 b



	D (g∙mL−1)
	1.049 ± 0.000 e
	1.038 ± 0.000 c
	1.041 ± 0.000 d
	1.031 ± 0.000 b
	1.025 ± 0.000 a



	pH
	3.4 ± 0.0 a
	3.5 ± 0.0 a
	3.5 ± 0.0 a
	3.4 ± 0.0 a
	3.4 ± 0.0 a



	TA (g∙100 g−1)
	0.7 0 ± 0.01 e
	0.53 ± 0.01 c
	0.57 ± 0.01 d
	0.47 ± 0.01 b
	0.39 ± 0.01 a



	TPC (mg GA∙100 g−1)
	116.6 ± 3.2 c
	90.1 ± 5.4 ab
	112.5 ± 4.5 c
	85.3 ± 3.5 a
	93.6 ± 2.3 b



	DPPH (%)
	50.6 ± 2.5 d
	34.8 ± 0.9 b
	43.8 ± 1.9 c
	31.1 ± 1.6 a
	36.6 ± 1.0 b



	Color parameters L*
	59.9 ± 3.6 a
	93.6 ± 0.1 c
	58.0 ± 1.1 a
	94.5 ± 0.1 c
	63.3 ± 0.1 b



	a*
	18.4 ± 0.8 c
	6.4 ± 0.1 a
	17.0 ± 0.3 c
	6.1 ± 0.0 a
	13.4 ± 0.1 b



	b*
	37.1 ± 0.9 d
	12.5 ± 0.1 b
	36.7 ± 0.2 d
	10.1 ± 0.1 a
	31.9 ± 0.1 c



	ΔE
	-
	43.4 ± 0.9 c
	2.3 ± 0.1 a
	44.6 ± 0.8 c
	8.2 ± 0.5 b







a−e: differences between mean values followed by different letters in rows were statistically significant (p < 0.05).
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Table 2. The location of the maxima of absorption bands FTIR with arrangement of appropriate vibration in terms of spectral 3750–700 cm−1.
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Position of Bands (cm−1)

	
Type and Origin of Vibrations




	
ACJ

	
RUF

	
PUF

	
PDF

	
RDF






	
3344

	
3345

	
3339

	
3334

	
3344

	
ν(–OH)




	
2917

	
2920

	
2923

	
2916

	
2929

	
νas(–C–Hm, –CH3, –CH2)

νas(–C–Hvst, –CH2)

and

νs(–C–Hvst, –CHa) (aliphatic groups)




	
2857

	
2863

	
2855

	
2855

	
2874




	
2703

	
-

	
-

	
2669

	
2707

	
(overtone)




	
-

	
-

	
2715

	
-

	
-




	
1719

	
1706

	
1707

	
1711

	
1716

	
ν(–C=Ost)




	
1641

	
1616

	
1641

	
1643

	
1643

	
ν(–C=O) or δ (O–H) in H2O




	
1592

	

	
-

	
-

	
1581

	
ν (N–H)




	
-

	

	
-

	
1457

	
-

	
δ (C–H) in alkenes




	
1417

	
1414

	
1415

	
1417

	
142




	
1341

	
1343

	
1340

	
1338

	
1338

	
δ (–OH) in C–OH group




	
1248

	
1243

	
1248

	
1248

	
1246

	
ν (C–O) acid stretching




	
1136

	
-

	
1134

	
1153

	
1148

	
ν (C–O) acid stretching and δ (O–H) deformation of acids




	
1051

	
1048

	
1051

	
1053

	
1051




	
913

	
-

	
-

	
906

	
911

	
δ (O–H) deformation of acids,




	
839

	
837

	
886

	
873

	
868

	
ν (C–O) in C–OH group Or ν (C–C) in the carbohydrate structure and δ (C–H)




	
-

	

	
806

	
819

	
823




	
782

	
775

	
788

	
785

	
777








ν—stretching vibrations, δ—deformation vibrations, s—symmetric, as—asymmetric, st—strong, w—weak.
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Table 3. Recovery factor R (%) of total soluble solids (TSS), glucose (Glu), fructose (Fru), total sugars (TS), total acids (TA), total polyphenols (TPC), and non-sugar soluble solids (NSS) in retentate after apple-cranberry cloudy juice ultrafiltration (UF) and diafiltration (DF).
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	TSS
	Glu
	Fru
	TS
	TA
	TPC
	NSS





	UF
	76.0
	76.0
	77.0
	77.0
	76.0
	76.0
	72.0



	DF
	64.0
	60.0
	62.0
	61.0
	62.0
	58.0
	75.0
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Table 4. Total sugars (TS) and non-sugar soluble solids (NSS) content in a glass (250 mL) of cloudy apple-cranberry juice (ACJ), retentate after ultrafiltration (RUF), and retentate after diafiltration (RDF), together with the percentage of sugars reference intake (%RI) and the ratio of TS to NSS.






Table 4. Total sugars (TS) and non-sugar soluble solids (NSS) content in a glass (250 mL) of cloudy apple-cranberry juice (ACJ), retentate after ultrafiltration (RUF), and retentate after diafiltration (RDF), together with the percentage of sugars reference intake (%RI) and the ratio of TS to NSS.











	
	ACJ
	RUF
	RDF





	TS (g·250 mL−1)
	24.5
	18.8
	14.3



	NSS (g·250 mL−1)
	6.5
	7.3
	6.0



	%RI
	27.0
	20.7
	15.7



	TS/NSS
	3.8
	2.6
	2.4











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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