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Abstract

:

The objective of the study reported in this research paper was to produce micellar casein concentrate (MCC) and milk protein concentrate (MPC) with 80% crude protein relative to total solids (TS) using MF and UF processes respectively. Additionally, capillary gel electrophoresis (CGE) was used to study the protein fractions in retentate and permeate. For MCC production, 227 L of pasteurized SM was subjected to MF using 0.5-micron spiral wound polyvinylidene fluoride membrane. During the process, diafiltration (DF) water was added at six intervals, totaling 100% of the feed volume. For MPC production, 227 L of pasteurized SM from the same lot was subjected to UF using 10 kDa Polyethersulfone membranes. During the process, DF water was added at four different intervals, with a final total addition of 40% of the feed volume. Both processes used a volume reduction of five. There were significant (p < 0.05) differences in all of the compositional parameters, except fat and casein for the MF retentate (MFR) and UF retentate (UFR). UFR had a higher crude protein (CP), TS, lactose, ash and calcium content as compared to MFR and this affected the CP/TS ratio found in both the retentates. The differences in membrane pore sizes, operating pressures and level of DF used all contributed to the differences in final CP/TS ratio obtained. The CGE analysis of individual protein fractions present in the UFR and MFR showed that UFR has a β-lactaglobulin to α-lactalbumin (α-LA) ratio similar to SM, whereas the MFR has a higher ratio, indicating preferential transmission for α-LA by the MF membrane. The results from this study show that MF and UF processes could be used for production of MCC and MPC with similar CP/TS ratio with careful selection of operating parameters, and that CGE can be used for detailed analysis of various protein fractions.
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1. Introduction


In the last 30–35 years, the dairy industry has seen a surge in membrane technology application and has developed new ingredients in the form of liquid and dried concentrates. Membrane-mediated fractionation is a physical pressure-driven molecular separation process. The separation is determined by the membrane characteristics (molecular weight cutoff value) and the molecular size of the individual components present in the feed. Two of the major separation technologies employed in the dairy industry are ultrafiltration (UF), and microfiltration (MF) [1]. These two processes differ in membrane characteristics, pore size and operating pressure. During UF all the proteins are retained, whereas MF selectively retains casein (CN) and permeates serum proteins (SP).



UF is primarily used to produce dairy ingredients that have an increased protein content and reduced lactose contents, such as milk protein concentrate (MPC) and whey protein concentrate (WPC). Since the typical UF membrane has a pore size of approximately 10 kD, it retains the fat, CN, SP and colloidal minerals, whereas particles below 10 kD in size—such as lactose and soluble minerals—pass through the membrane into the permeate [1,2,3]. A major application of UF processing is the production of MPC varying in protein content from 50% to 85%. MPC contains whey proteins and caseins in the same proportions as in milk. The food industry typically uses MPCs as gelling, foaming or emulsifying ingredients and for their nutritional value.



MF has historically been used in whey protein isolate manufacture to remove fat. However more recently MF has been used to remove SP from skim milk to produce micellar casein concentrate (MCC). During separation of skim milk using MF, the difference in the molecular weight (MW) and size of casein micelles (0.02–0.40 μm in diameter) in the colloidal state and the SP (0.003–0.010 μm, [4]) is exploited. Relative to UF, MF has a more porous (0.1–0.5 µm) membrane, so it retains residual fat, micellar casein and micellar minerals; while it permeates SP, peptides, non-protein nitrogen (NPN) and other solutes (serum minerals and lactose). Therefore, this method increases the ratio of casein to total protein and casein to true protein [5,6,7,8] in a protein concentrate.



The feasibility of producing MCC by MF has been demonstrated previously [5,6,9,10,11]. A wide variation is observed in the type of membrane (ceramic or polymeric), and processing conditions (temperature, trans membrane pressure (TMP), diafiltration (DF) level, raw material, pH) used to produce MCC. Temperatures range from 4–50 °C, membrane pore size from 0.1–0.5 microns, TMP from 5–175 kPa, and DFs level from 0 to as high as 250% have been used [5,6,7,8,9,11,12].



Membrane materials commonly used for UF and MF of skim milk include ceramic (inorganic) and polymeric (organic) materials [5,6,11,13]. Polymeric membranes have several advantages, including being compact, having low capital and operating costs, being the cheapest per square meter, having a smaller space requirement, being easy to replace, following standardized dimensions, and are familiar to most US dairy processors. However, they are not suitable for very viscous products and for liquids containing a large number of suspended particles that may block a spacer. Furthermore, polymeric membranes are more challenging to clean, have low recovery of soluble constituents, and have reduced membrane life compared to ceramic membranes. Their propensity to foul and exhibit low flux compared with ceramic MF membranes [12] is a concern and reduces their cost advantage per square meter. The newer polymeric membranes are available with heat/thermo and chemical stability and low operating costs [7,13].



Whether in a research or industrial scale, efficient production of retentate and permeate products at target composition is important. Multiple factors influence both the composition of the retentate and permeate removal efficiency during UF and MF. These factors include the initial skim milk composition, the heat treatment history of the skim milk, crossflow velocity, TMP, temperature, concentration factor, DF levels, and the rejection characteristics of the membrane used. It becomes prudent to know the efficiency of separation of proteins during operation, as it not only has an effect on the economics of products but also on product quality. The Kjeldhal method is an analytical process generally used for crude fraction analysis of total nitrogen, non-casein nitrogen (NCN) and NPN, with which crude protein (CP), True protein (TP), CN and SP are calculated. However, this method does not give the separation efficiency of individual protein fractions. With the advent of specialized processes to produce α-LA [6] and β–CN [14] knowledge of the efficiency of separation, it is important in the partitioning of CN (β–CN, αS1-CN, αS2-CN, κ-CN, γ-CN) fractions and major SP (β-LG, α-LA) fractions in various streams of retentate and permeate. Electrophoresis has been used for measuring individual protein fractions qualitatively and quantitatively [15,16,17,18].



In recent years, there has been increased interest in assessing the suitability and efficiency of polymeric membranes for the production of MPC and MCC. Many researchers have studied the UF and MF systems under different processing conditions as reported earlier. For the optimized and tailored functionality of MPC or MCC, proper membrane selection, control of composition and processing parameters is required. Membrane separation technologies and selective fractionation of milk affect the CP to TS ratio and also the CN and WP ratios, which has a profound effect on the functional and rheological properties of the products made [6,7,8]. Many of the formulations require similar protein content from the ingredients. The current research on MF focuses on SP removal and increasing protein content. However, there is no literature comparing manufacture of MPC and MCC using UF and MF, respectively, to produce protein concentrates with a similar protein ratio relative to total solids. It is prudent to know how the various protein fractions and other constituents end up in retentate and permeate when the similar protein content is targeted. The objective of the experiment was to produce MPC and MCC retentates having similar total crude protein/TS ratio using UF and MF, respectively, and analyze various constituents and protein fractions.




2. Materials & Methods


2.1. Experimental Design and Statistical Analysis


A total of 600 kg of raw milk (at 4 °C) obtained from the South Dakota State University, Brookings, USA, dairy farm (month of September to November) was subjected to mechanical centrifugal separation (392, Separators Inc, Indianapolis, IN, USA) and the skim milk obtained was batch pasteurized at 63 °C for 30 min and cooled to 4 °C. The pasteurized skim milk was divided into two equal portions. One portion was processed into MCC using MF as described below. The other portion was processed into MPC using UF as described below. The experiment was designed to produce 80.0% total nitrogen to total solids ratio in the final MF and UF retentate. Three replicates of MCC and MPC were produced from three different lots of milk. Samples of feed, permeate and retentate were analyzed for their composition as described below. Statistical analysis of the collected data was done using the Proc GLM analysis of SAS (SAS Institute Inc., Cary, NC, USA) with a Type I error rate (α) of 0.05 to test for significant differences among the treatments. The mean value comparisons were made at a 0.05 level of significance using least significance difference (LSD) and the results were considered significant at p < 0.05.




2.2. Microfiltration


A portion (227 L) of each replicate of pasteurized skim milk was microfiltered to a final retentate volume of 45.4 L resulting in a volume reduction ratio (VRR) of approximately 5 (on a feed volume basis). MF was performed using two 0.5 µm polyvinylidene fluoride spiral wound membranes (3838 element format, Dominick Hunter Filtration Divison—N.A, Parker Hannifin Corporation, Oxnard, CA, USA) arranged in parallel as shown in Figure 1. Each membrane element was 97 mm in diameter and 762 mm in length with a 1.1 mm feed spacer and a total surface area of 4.3 m2. Microfiltration was performed at 23.3 °C using a transmembrane pressure of 86.2 kPa (34.5 kPa inlet and 103.4 kPa differential). The low TMP was selected because barrier layer formation on the membrane surface is a major performance factor and an improved separation of micellar CNs, and whey protein has been reported at low TMP [6,19]. In order to control the viscosity of the retentate and to maximize the SP removal, DF water was added at 6 different intervals totaling 100% (on a feed volume basis).



In preliminary studies, we observed that during startup of the MF process the initial permeate collected was cloudy and potentially contained some CN. Consequently, during the startup of MF, the permeate produced for the first 5 min was recirculated back to the retentate in the balance tank. Similar observations were reported by other researchers [12]. This phenomenon occurs because, in hydrophobic polymeric membranes, CN and SP separation requires the formation of a boundary layer on the surface of the membrane [9,12,19,20].




2.3. Ultrafiltration


A portion (227 L) of each replicate of pasteurized skim milk was ultrafiltered to a final retentate volume of 45.4 L, resulting in a volume reduction of approximately 5 (on the feed volume basis). UF was performed using two 10 kD polyether sulfone spiral wound membranes (3838 element format, Dominick Hunter Filtration Divison—N.A, Parker Hannifin Corporation, Oxnard, CA, USA) arranged in parallel as shown in Figure 1. Each membrane element was 97 mm in diameter and 965 mm in length with a 1.1 mm feed spacer and a total surface area of 5.7 m2. Ultrafiltration was performed at 23.3 °C using a 276 kPa transmembrane pressure (207 kPa inlet and 138 kPa differential). In order to control the viscosity of the retentate and to remove additional lactose and soluble minerals, DF water was added at 4 different intervals totaling 40% (on the feed volume basis). During start-up, the permeate was recirculated back to the retentate balance tank for 5 min.




2.4. Chemical Analysis


The skim milk, retentate and permeate samples from MPC and MCC manufacture were collected and immediately cooled to 4 °C. The TS, total fat and ash of each sample were determined using standard wet chemistry procedures [21]. The TN, CP, NPN and NCN were determined using micro-Kjeldhal analysis [21] except the modified NCN extraction method was used [22]. The true protein, casein and serum protein were calculated by differences using the CP, NCN and NPN values [21]. Lactose was measured using a HPLC based method [23] for milk except a sample size of 1g was used. The HPLC system (Beckman Coulter Inc., Fullerton, CA, USA) for measuring lactose content included a solvent delivery module (System Gold 125), a multichannel wavelength scanning detector (190–600 nm; System Gold 168 detector) and a 20-μL sample injection loop (Rheodyne, Rohnert Park, CA, USA). The HPLC system also included a refractive index detector (RI-2031, Jasco Corporation, Hachioji, Japan) and a model 631 column heater (Alltech, Deerfield, IL, USA). A 300- × 7.80-mm ion exclusion column (ROA-Organic Acid, Phenomenex Inc., Torrance, CA, USA) maintained at 65 °C was used for separation of lactose. Sulfuric acid (0.013 N) was used as mobile phase at a flow rate of 0.6 mL/min. The mobile phase was prepared by dissolving 360 µL of HPLC grade sulfuric acid (Sigma-Aldrich, St. Louis, MO, USA) in one liter of HPLC-grade water (Fisher Scientific, Pittsburgh, PA, USA). Calcium was determined by atomic absorption spectroscopy (AAnalyst 200, PerkinElmer instruments LLC, Shelton, CT, USA) at a 422.67 nm wavelength [24] except for modifications for liquid samples. For SM and permeate 5 mL of sample and 25 mL 15% TCA were mixed. For retentate samples, 3 mL of sample and 2 mL of HPLC grade water (Fisher Scientific, Pittsburg, PA, USA) were mixed and then 29.5 mL of TCA were added and mixed.




2.5. Percent SP, Ash, Calcium and Lactose Removal


The SP, ash, calcium and lactose removal were calculated using quantities of their respective constituent in skim milk and in permeate collected from the process. The percent removal of a particular constituent was calculated by dividing the respective constituent mass in the permeate (g) by constituent mass (g) in the original skim milk and multiplying by 100.




2.6. Capillary Gel Electrophoresis (CGE)


The individual protein fractions present in the skim milk, as well as the retentate and permeate from MF and UF were determined using CGE. Each sample was diluted to 10 mg/mL of protein using HPLC grade water. After dilution 10 µL of each sample, 85 µL of sample buffer (Beckman-Coulter), 2 µL of internal standard (10 kDa protein) and 5 µL of β-mercaptoethanol were added to a micro-vial. Each micro-vial was capped tightly, mixed thoroughly and then heated in a water bath at 90 °C for 10 min. The vials were cooled to room temperature prior to injection. The CGE was carried out using a Beckman P⁄ACE MDQ capillary electrophoresis system (Beckman-Coulter, Fullerton, CA, USA) equipped with a UV detector set at 214 nm. The separation was performed using a 50-µm bare fused silica capillary (20.2 cm effective length from the inlet to the detection window). All solutions and reagents were obtained as a part of the ProteomeLabTM SDS-MW Analysis Kit (Beckman-Coulter) that is designed for the separation of protein-SDS complexes using a replaceable gel matrix. The gel is formulated to provide an effective sieving range of approximately 10–225 kDa. A SDS-MW size standard (recombinant proteins 10–225 kDa supplied with the ProteomeLab SDS-MW Analysis Kit) was used to estimate the molecular weight of the proteins in each sample. A capillary preconditioning method was run every three samples. It consisted of a basic rinse (0.1 N NaOH, 5 min, 344.7 kPa), followed by an acidic rinse (0.1 N HCl, 2 min, 344.7 kPa), a water rinse (HPLC grade water, 2 min, 344.7 kPa) and finally a SDS Gel rinse (SDS gel fill, 10 min, 275.8 kPa). After the preconditioning steps the sample was electrokinetically introduced at 5 kV for 20 s. The separation was performed at a constant voltage of 15 kV (25 °C temperature and 20 bar pressure) with reverse polarity in the SDS-molecular weight gel buffer. Actual current values were recorded to determine the efficiency of each electrophoretic run. Molecular weight standards (ProteomeLab and Beckman-Coulter) and available pure milk protein fractions (Sigma, USA) were also separated using the method as described above to determine migration times.



The peaks in the capillary electropherogram were identified by comparing the migration time of molecular weight standards and pure standard samples as well as by comparison to results reported by other researchers [17,25,26,27]. The area of each identified peak was calculated from the electropherogram using a valley-to valley approach [27]. The area of the each identified individual CN fraction (αS1-CN, αS2-CN, β-CN, κ-CN and γ-CN), SP fraction (α-LA, β-LG, peptides (peaks between 10 kDa and 20 kDa), and NPN fraction (all positive peaks below 10 kDa) was calculated as percentage of total area (positive peaks). Furthermore, to compare the results with Kjeldhal analysis, the calculated CN, SP and NPN area was expressed as a percentage of the total positive peak area.





3. Results and Discussion


The statistical analysis (mean square and p-values probabilities) of the experimental data are presented in the online Supplementary File including Supplementary Tables S1 and S6.



3.1. SM Composition


The mean composition of pasteurized skim milk used in each replicate for MF and UF is shown in Table 1. The small variation in TS, fat, lactose, ash, calcium, CP, NCN and NPN content of the skim milk represents normal week-to-week variations in the raw milk supply, as well as variation in separation efficiency. The CN/CP, CN/TP, SP/CP and SP/TP ratios of skim milk from each replicate were similar, indicating minimal variation in skim milk between the replicates. The CN/CP, CN/TP, SP/CP and SP/TP ratios can be used as a measure of protein hydrolysis and are an indicator of milk quality [10,12] since NCN and NPN increase during extended refrigerated storage [28]. Additionally, if skim milk is pasteurized at a high temperature for an extended time, the CN/TP ratio, as determined by Kjeldhal analysis, increases [9]. This occurs as a result of interactions between SP and CN, which cause a reduction in NCN content [29]. In the present study, the average CN/TP ratio of 82.33% in the skim milk was similar to values reported by other researchers [10,12] and indicates that the milk was fresh and properly pasteurized.




3.2. Flux


Flux is flow rate per unit area. Maintaining flux rate over time is important for efficient separation. As the concentration of the milk increases, there is a decrease in the flux rate. Figure 2 shows the average process flux rate during the MF and UF process. The average flux rate in the UF run was higher (15 L m−2 h−1) as compared to MF runs which was at 12.3 L m−2 h−1. This is because of the difference in membrane characteristics of UF and MF as well as TMP and DF used in processing. DF is the easiest way to regain and maintain flux rate [5,19,30] and to improve separation efficiency. The sequential DF was done to maintain and restore flux rate as well as maintain the viscosity of the circulating retentate. DF water, 100% and 40% (on feed basis) was added in six intervals during MF and UF process (Figure 2) to maximize removal of solutes and still have similar VRR (5) (Figure 3). Sequential addition of DF water improves flux rates during the concentration process [5,30,31]. However, the 100% DF used for MF led to the production of 50% more permeate as compared to UF. Similar concerns of a lengthy process and voluminous permeate handling were reported for MF by other researchers [9]. The feed volume, 5 VRR and DF levels used in the study resulted in a process time of about 2–2.5 h for UF and 5–5.5 h for MF process (Figure 2 and Figure 3).





4. Wet chemistry


4.1. Retentate and Permeate Proximate Composition


The mean composition of the retentates and permeates from MF and UF are shown in Table 2. There were significant (p < 0.05) differences in all the compositional parameters except fat for the MF and UF, retentates and permeates. The UF retentate (UFR) and UF permeate (UFP) had significantly (p < 0.05) higher TS, lactose, ash and calcium content as compared with the MF retentate (MFR) and MF permeate (MFP), respectively. The UFR had a significantly (p < 0.05) higher CP content as compared to the MFR however, the UFP had a significantly (p < 0.05) lower CP content as compared to the MFP. This affected the CP/TS ratio found in both the retentates. This experiment targeted a 80.0% CP/TS ratio in both the retentates; however, actual results were higher for MFR (81.71%) and lower for UFR (77.18%) and were significantly (p < 0.05) different. In order to achieve the desired 80% CP/TS ratio the DF level would need to be decreased for MF and the DF level would need to be increased for UF. Using similar conditions, but using 50% DF other researchers [8] were able to achieve 80% CP/TS in UF retentate. The MFP and UFP had 9.65% and 3.51% CP/TS ratio, respectively. The observed differences in retentate and permeate composition and CP/TS ratio were expected because of the differences in membrane selectivity and process parameters used in MF and UF.




4.2. Retentate and Permeate Protein Ratios


The mean protein content and protein ratios of the retentate are given in Table 3. There was a significant (p < 0.05) treatment effect in all of the protein fractions and protein ratios except CN content in the MFR and UFR as shown in Table 3. The UFR had a significantly (p < 0.05) higher NCN, NPN, TP and SP content compared with the MFR. However, there was no difference in the CN content of the two retentates. The MFR had a significantly (p < 0.05) higher CN/CP, CN/TP ratio and significantly (p < 0.05) lower SP/CP, SP/TP, NPN/CP and NPN/TP ratio compared with the UFR. As shown in Table 3, the MFR had 92.62 CN/TP while it was 82.68 in the UFR. The CN/TP in the UFR was similar to the skim milk (82.33), indicating that UF is a concentration process for all the proteins in milk.



There was a significant (p < 0.05) effect of treatment on all the protein and protein ratios of permeate, except for CN and the CN/CP ratio (Table 4). The MFP had significantly (p < 0.05) higher NCN, TP, SP, SP/CP and SP/TP content and significantly (p < 0.05) lower NPN, CN/TP, NPN/CP, and NPN/TP content compared with UFP (Table 4). No differences were observed in fat and CN content of permeates obtained during MF or UF processing. The differences in MFP and UFP results are expected as MFR had lower CP, NCN, TP and SP compared with UFR (Table 3). This selective separation of skim milk components causes significant changes in the various ratios of the retentates and permeates of UF and MF.



The membrane characteristics, TMP and DF level all contributed to different retentate and permeate ratios. To have the same protein/TS ratio, the DF level used in MF was high as SP and other soluble constituents were removed. Due to different processing conditions and membrane characteristics used by researchers, it is very difficult to compare results. However, using 0.3 µm PVDF MF membrane at 50 °C, three-stage process (two DF stages) and a bleed and feed process, 81.37% protein/TS ratio in MF retentate was achieved [9], whereas other group [32] reported 87.62% protein/TS ratio using a spiral wound UF membrane at 38 °C using a VRR of 6 (after DF) with three DF stages.




4.3. Removal of SP, Ash, Calcium, and Lactose


The mean percent SP, ash, calcium and lactose removal from MFR and UFR produced using MF and UF, respectively are shown in Table 5. The MFR produced using MF had significantly (p < 0.05) higher percent SP, ash, calcium and lactose removal compared with UFR produced from UF.



The soluble, low MW constituents, including lactose, SP, ash (calcium) and NPN were removed from the MFR. The SP removal of UFR was virtually zero, as the UF process retains most of the SP. These differences are due to membrane characteristics, DF water used and process differences. This led to the observed differences in the retentate nitrogen fractions, thus the protein ratios and change in the protein/TS ratio. Hence, even though the CN content was high, due to removal of soluble constituents, the protein/TS ratio in MFR remained at 80%. In the UFR all the major proteins (CN and whey proteins) are retained and a DF rate of 40% of the feed, it retained more soluble constituents, leading to the 80% protein/TS ratio. Membrane characteristics strongly affect the removal of constituents. The non-protein permeate solids are permeated readily in wide pore membrane than the tighter membrane like UF [33]. Sequential addition of DF water raises CN content in the retentate by washing out SP, lactose and mineral salts [5,6,19,30,31]. The SP removal was affected strongly by the target concentration factor and DF [16]. Using appropriate DF and MF parameters and temperature manipulation, the CN/TP ratio could be increased to as high as 96%, while maximizing serum protein removal [6,9,12,14,19,31,34,35].



For polymeric membranes at 50 °C at 3.00× concentration factor, 39% SP removal in a single-stage has been reported [12], whereas others have reported about a 70% SP removal from skim milk in a three-stage process [9]. For maximizing the SP removal using polymeric membranes to produce MCC from skim milk at lower temperatures (22 °C) optimized operating parameters (operating pressure, DF) have been reported [5,6]. Using selective DF and a polymeric membrane, the CN can be increased up to 95% of the true protein [6]. Use of lowest pressure (34.5 kPa and highest DF level (150%) contributed to 81.45% SP removal, taking the CN/TP ratio to 0.96 [5]. Controlling the initial startup and sequential DF to maintain flux rates reduce these problems and increase the rate of SP removal.



Besides membrane characteristics, the DF used is responsible for removal of SP, ash calcium and lactose from the retentate. Various authors have reported that lactose and soluble minerals such as calcium are removed because of DF [36,37,38]. More DF was used in MF than UF to remove the soluble constituents. The UF at lower temperature leads to more calcium removal [2,37] as solubility of calcium is higher. The MCC manufactured at 10 °C had higher WP and low calcium compared to MCC manufactured at 50 °C [39].





5. Capillary Gel Electrophoresis


5.1. Skim Milk


A representative CGE electrophoreogram for skim milk is shown in Figure 4a. The various CN, whey proteins and other protein fractions are identified. As shown in Figure 4a, among the caseins, β-CN eluted first, followed by αS1-CN, even though the MW of the later is lower. Similar phenomenon was reported by other researchers [17,25]. The αs1-CN has a reduced electrophoretic velocity as a result of its negatively charged regions, which may adopt an extended conformation in the presence of SDS [25]. Therefore, αs1-CN has an increased apparent size and slower migration under SDS-PAGE conditions [17,25].



The κ-CN has a low MW relative to other caseins, but it eluted after all the other casein fractions. The reduced migration of κ-CN may be attributed to the glycosylation of κ-CN [17,18,40]. The peak profile obtained on CGE was similar in all replicates, which indicated that no major modification or changes occurred in individual fractions due to the handling and pasteurization of the skim milk.



The various protein fractions observed and quantified in the CGE electrophoreogram of each replicate of skim milk are shown in Table 6. The ratio of peak areas for CN fractions β-CN:αS1-CN:αS2-CN:κ-CN:γ-CN determined by CGE was 4.1:4.0:1.0:0.7:0.3, whereas the ratio of major SP (β-LG: α-LA) obtained was 2.42 in skim milk and was similar in all replicates. Previous research has reported that in the normal milk, the CN fractions (β-CN:αS1-CN:αS2-CN:κ-CN:γ-CN) are in the ratio of 4:4:1:1:0.4, whereas major SP (β-LG:α-LA) are in the ratio of 1.86 [40,41,42]. The γ-CN content in the present study was 2.87%. This indicates that the milk was of good quality since the γ-CN is a hydrolytic product of plasmin enzyme action on β-CN. The ratios of various protein fractions (CN, SP and NPN) analyzed by CGE method were similar among the replicates (Table 6). In the present study, the average CN/TP ratio of 83.84% (CGE analysis) in the skim milk was similar to the value of 82.33% determined using Kjeldhal analysis.




5.2. Retentate and Permeate Composition-CGE Analysis


The various protein fractions in the MFR and UFR determined with CGE analysis are shown in Figure 4b,c. The MFR had a significantly (p < 0.05) higher casein fractions (β-CN, αS1-CN, αS2-CN, γ-CN) except κ-CN, and had significantly (p < 0.05) lower SP fractions (α-LA, β-LG, and peptides) content compared with UFR.



Similarly, the total casein content was significantly (p < 0.05) higher, whereas total SP content was significantly (p < 0.05) lower in MFR as compared to the UFR. No significant differences (p > 0.05) were found in NPN content between the MFR and UFR. As can be seen from Figure 4, the peak profile of the CN fractions in MFR and UFR are similar, indicating the membrane process did not have an effect on the CN fractions. However, the α-LA and β-LG peak in MFR decreased as compared with UFR, indicating that SP passed through the MF membrane. The CN fractions (β-CN: αS1-CN: αS2-CN: κ-CN: γ-CN) ratio was 3.8: 3.7: 1.0: 0.7: 0.4 in MFR, while in UFR, it was 4.0: 4.0: 1.0: 0.7: 0.4. The UFR CN fraction ratio was similar to that of skim milk (Table 6), whereas MFR had slightly lower values for β-CN and αS1-CN. The γ1-CN was concentrated in both MFR and UFR because it has a MW of 20-21 kD [43], which is higher than the β-LG fraction [40,42].



In the UFR, the ratio of β-LG: α-LA was 2.57, which was similar to the SM β-LG: α-LA ratio of 2.42 (Table 6), indicating that they were both retained by the membrane. The MFR had a higher β-LG: α-LA ratio of 3.57 as compared to the UFR and SM. This indicates that during the MF process, α-LA was preferentially removed as compared to β-LG.



The CGE electrophoreograms obtained for the MFP and UFP are shown in Figure 5a,b, respectively. The various CN, whey protein and other protein fractions are identified in the electrophoreogram. The MFP electrophoreogram (Figure 5a) shows a small β-CN peak, α-LA and β-LG peaks, peptide fractions, and NPN (peptides) peaks. In UFP electrophoreogram (Figure 5b), no peaks for the α-LA, β-LG and CNs were detected, and all the peaks present were from peptide fractions and NPN (peptides) peaks.



The mean protein fractions as obtained using CGE for retentates are shown in Table 7 and for permeate in Table 8. There was a significant (p < 0.05) treatment effect on the casein and SP fractions, as well as their ratios. MFP had a significantly (p < 0.05) higher CN/TP and SP/TP but significantly (p < 0.05) lower NPN/TP content as compared to the UFP.



In MFP and UFP permeates, the high MW protein fractions were not present, indicating that permeates had protein fractions below 20 kDa. The MFP had some β-CN present and had a β-LG: α-LA ratio slightly lower than skim milk, which indicates SP was present in the MFP and the β-LG: α-LA ratio was 2.10, which is lower than the β-LG: α-LA ratio (2.42) found in SM.



The presence of β-CN in the MFP indicates that the temperature also plays a significant role, as β-CN fractions nature of being dynamic causes a partitioning problem. The polymeric membranes are generally operated at low temperatures at 4 °C [14,44], 10 °C [13,19] and 20 °C [5,6]; however, higher temperatures of 50 °C [9,11,12,13,19,20] have been used. At temperatures below 10 °C, β-CN dissociates and increases serum casein. Hence, the 22 °C temperature was selected based on ideal conditions used for the processing of milk in the dairy plant operations. During MF at lower temperatures (10 °C and below), the β-CN dissociates from the CN micelles and passes into permeate [44]. Other researchers have reported significant amount αS2-CN in the MFP using HPLC [19] while others have reported β-CN when MF is carried out at low temperatures using SDS-PAGE [44].



The UFP Kjeldhal analysis showed 0.02% CN but no casein was detected in CGE analysis; whereas in the MFP Kjeldhal analysis showed 0.03% CN and β-CN was detected in CGE analysis (only one electrophoreogram shown in Figure 3). This may be because UFP had CN below the detection limit of CGE or experimental error in the Kjeldhal analysis. The retentates and permeates have different buffering capacities based on the composition and concentration of constituents. The higher concentrations of dry matter, due to membrane filtration or evaporation, result in a higher measured buffering capacity [45]. Measurement of SP or NCN in retentates is a problem [10,22]. The modified method of NCN extraction for retentates, suggested that if proper pH adjustment is made when extracting NCN, it will provide more accurate results [22]. Because of the retentate buffering action, the required pH of 4.6 is never reached.




5.3. Comparison of CGE and Kjeldhal Results


In skim milk and retentates, comparison of CGE results with Kjeldhal results indicates that CGE overestimates the CN/TP ratio and underestimates the SP/TP results. This may be because of method differences, because in CGE spectroscopic detection at 214 nm is utilized. However, the advantage of CGE is that it gives additional information on the partitioning of different fractions, which is useful in specialized applications, such as α-LA and β-CN production, and in ascertaining production efficiency. For NCN analysis, even though the modified method [22] was used, we still observed a small difference between Kjeldhal and CGE analysis.




5.4. The Error in the NPN


It should also be noted that Kjeldhal analysis gives an error in the NCN and NPN estimations in retentates and permeates if the pH during extraction is not adjusted due to a different matrix than milk. The NPN content of both MFR and UFR measured using CGE was higher than that measured by Kjeldhal analysis. The NPN is composed of urea and other peptide fractions, specifically proteose peptone. All the nitrogen soluble in 12% TCA is referred to as NPN, and it is 5–6% of total milk nitrogen and very heterogeneous [41]. Low MW peptides form part of NPN and may or may not be precipitated by 12% TCA [40]. Most of the low MW peptides are expected to pass through both UF and MF [40,41]. These low MW fractions may cause variation in NCN and NPN content, as it is not clear how they are partitioned during extraction of NCN and NPN filtrate in wet chemistry methods. However, in CGE we could see peaks below 10 kDa MW, signaling more NPN in retentates. Hence, a detailed study considering various fractions is necessary for modifying NPN extraction. Due to an increase in the production of ingredients from membrane separation processes, it is prudent to have a different protocol for NCN and NPN protein estimation by Kjeldhal analysis.



Based on the results, to achieve targeted 80% CP/TS ratio, we recommend an increase DF in UF from 40% to 50% added in the later stages (after 105 min of UF operation, Figure 3). In our previous study we could achieve the desired 80% using 50% DF under similar conditions [8]. In the MF operation we recommend stopping and decrease of DF by 16% in the last stage to achieve the targeted 80% CP/TS ratio.





6. Conclusions


The MF and UF process can be used to manufacture MFR and UFR with similar CP/TS ratio. The selective separation of skim milk components causes significant changes in the protein ratios of the retentates and permeates of UF and MF. However, besides membrane selectivity, other variables also affect membrane performance, including processing parameters (flux rate and TMP), physical manipulation of parameters like DF and the temperature of filtration. Proper selection of the membrane element and processing conditions will allow for the removal or concentration of the targeted constituents, resulting in the desired crude protein/TS ratio.



The CGE analysis confirmed that α-LA is preferentially removed during MF process. The CGE can be used to effectively assess the performance of the membrane process where individual protein fractions, both in the retentate and permeate, can be measured, which is an advantage as compared with the Kjeldhal analysis, which measures crude fractions.
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Figure 1. Pilot MF/UF unit set up. 
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Figure 2. Average flux rate of MCC and MPC runs (n = 3). Bars depict standard error of mean. 
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Figure 3. Volume reduction (VR in Liters) on feed basis during MCC and MPC run (n = 3). Bars depict standard error of mean. 
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Figure 4. Capillary gel electrophoreogram of (a) PSM = pasteurized skim milk; (b) MCC-R = micellar casein concentrate retentate; (c) MPC-R = milk protein concentrate retentate; NPN = non protein nitrogen. 
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Figure 5. Capillary gel electrophoreogram of (a) MCC−P = micellar casein concentrate permeate; (b) MPC−P = milk protein concentrate permeate; NPN = non protein nitrogen. 
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Table 1. Mean (n = 3) composition (% by weight) of pasteurized skim milk used in each replicate during microfiltration and ultrafiltration polymeric spiral-wound membranes.
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	TS
	Fat
	Lactose
	Ash
	Ca
	CP
	NCN
	NPN
	TP
	CN
	SP
	CN/CP
	SP/CP
	NPN/CP
	CN/TP
	SP/TP
	NPN/TP





	PSM
	9.19
	0.16
	4.30
	0.74
	0.110
	3.28
	0.74
	0.19
	3.09
	2.55
	0.55
	77.53
	16.64
	5.83
	82.33
	17.67
	6.19



	SD
	0.14
	0.02
	0.07
	0.00
	0.00
	0.02
	0.00
	0.00
	0.02
	0.02
	0.00
	0.07
	0.05
	0.12
	0.03
	0.03
	0.13







PSM = pasteurized skim milk; TS = Total solids; CP = total nitrogen × 6.38; NCN = non casein nitrogen × 6.38; NPN = non protein nitrogen × 6.38; TP = true protein (CP − NPN); casein (CN) = CP − NCN; serum proteins (SP) = TP − casein.
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Table 2. Mean (n = 3) retentate and permeate composition (% by weight) produced during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.
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Treatment

	
Retentate, %

	

	
Permeate, %

	




	
TS

	
Fat

	
Lactose

	
Ash

	
Ca

	
CP

	
CP/TS

	
TS

	
Fat

	
Lactose

	
Ash

	
Ca

	
CP

	
CP/TS






	
MF 1

	
14.63 b

	
0.44 a

	
0.83 b

	
1.15 b

	
0.328 b

	
11.95 b

	
81.71 a

	
3.28 b

	
0.03 a

	
2.33 b

	
0.29 b

	
0.016 b

	
0.32 a

	
9.65 a




	
SD

	
0.41

	
0.12

	
0.02

	
0.02

	
0.01

	
0.34

	
0.26

	
0.05

	
0.02

	
0.13

	
0.03

	
0.00

	
0.02

	
0.12




	
UF 2

	
17.56 a

	
0.46 a

	
1.85 a

	
1.30 a

	
0.346 a

	
13.56 a

	
77.18 b

	
4.20 a

	
0.03 a

	
3.21 a

	
0.34 a

	
0.019 a

	
0.15 b

	
3.51 b




	
SD

	
0.51

	
0.09

	
0.11

	
0.02

	
0.02

	
0.53

	
0.25

	
0.01

	
0.02

	
0.05

	
0.02

	
0.00

	
0.01

	
0.09








a,b Means within same column not sharing common superscript are significantly different (p < 0.05). TS = Total solids; CP = total nitrogen × 6.38; SD = standard deviation. 1 MF = microfiltration; 2 UF = ultrafiltration.
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Table 3. Mean (n = 3) retentate (MFR 1 and UFR 2) protein content and various protein ratios (% by weight) produced during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.
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	Treatment
	NCN
	NPN
	TP
	CN
	SP
	CN/CP
	CN/TP
	SP/CP
	SP/TP
	NPN/CP
	NPN/TP





	MFR
	0.94 b
	0.07 b
	11.89 b
	11.01 a
	0.88 b
	92.14 a
	92.62 a
	7.34 b
	7.38 b
	0.52 b
	0.53 b



	SD
	0.08
	0.00
	0.34
	0.28
	0.08
	0.52
	0.56
	0.56
	0.56
	0.04
	0.04



	UFR
	2.44 a
	0.11 a
	13.44 a
	11.11 a
	2.33 a
	81.99 b
	82.68 b
	17.18 a
	17.33 a
	0.83 a
	0.84 a



	SD
	0.06
	0.00
	0.53
	0.46
	0.06
	0.24
	0.24
	0.24
	0.24
	0.01
	0.01







a,b Means within same column not sharing common superscript are significantly different (p < 0.05). CP = total nitrogen × 6.38; NCN = non-casein nitrogen × 6.38; NPN = non-protein nitrogen × 6.38; TP = true protein (CP − NPN); casein (CN) = CP − NCN; serum proteins (SP) = TP − casein; SD = standard deviation. 1 MFR= micellar casein concentrate retentate; 2 UFR = milk protein concentrate retentate.
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Table 4. Mean (n = 3) permeate (MFP 1 and UFP 2) protein content and various protein ratios (% by weight) produced during a microfiltration and ultrafiltration of milk using polymeric spiral-wound membrane.
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	Treatment
	NCN
	NPN
	TP
	CN
	SP
	CN/CP
	CN/TP
	SP/CP
	SP/TP
	NPN/CP
	NPN/TP





	MFP
	0.29 a
	0.10 b
	0.22 a
	0.03 a
	0.19 a
	7.73 a
	11.35 b
	60.08 a
	88.65 a
	32.20 b
	47.6 b



	SD
	0.02
	0.00
	0.01
	0.00
	0.02
	3.26
	2.01
	2.39
	2.01
	4.66
	4.09



	UFP
	0.13 b
	0.13 a
	0.02 b
	0.02 a
	0.02 b
	10.68 a
	84.06 a
	1.98 b
	15.94 b
	87.34 a
	942.4 a



	SD
	0.00
	0.00
	0.01
	0.01
	0.00
	1.59
	2.51
	2.49
	2.51
	1.44
	5.06







a,b Means within same column not sharing common superscript are significantly different (p < 0.05). CP = total nitrogen × 6.38; NCN = non-casein nitrogen × 6.38; NPN = non-protein nitrogen × 6.38; TP = true protein (CP − NPN); casein (CN) = CP − NCN; serum proteins (SP) = TP − casein; SD = standard deviation. 1 MFP = micellar casein concentrate permeate; 2 UFP = milk protein concentrate permeate.
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Table 5. Mean (n = 3) percent removal of SP 1, ash, calcium and lactose content during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.
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	Treatment
	SP
	Ash
	Calcium
	Lactose





	MF 2
	66.14 a
	68.46 a
	40.64 a
	95.99 a



	SD
	1.03
	0.62
	0.31
	1.12



	UF 3
	0.73 b
	64.71 b
	37.27 b
	89.58 b



	SD
	0.21
	0.53
	0.45
	0.93







a,b Means within same column not sharing common superscript are significantly different (p < 0.05). 1 SP = Serum proteins = TP − casein; SD = standard deviation. 2 MF = microfiltration. 3 UF = ultrafiltration.
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Table 6. Mean (n = 3) protein fractions observed in capillary gel electrophoresis of pasteurized skim milk used in each replicate during microfiltration and ultrafiltration polymeric spiral-wound membranes.






Table 6. Mean (n = 3) protein fractions observed in capillary gel electrophoresis of pasteurized skim milk used in each replicate during microfiltration and ultrafiltration polymeric spiral-wound membranes.





	

	
Casein 1

	
Whey Proteins 2

	
NPN 4 and Peptide

	
% of All TP 5




	
β-CN

	
αS1-CN

	
αS2-CN

	
κ-CN

	
γ-CN

	
α-LA

	
β-LG

	
Other SP 3

	
CN

	
SP

	
NPN






	
PSM

	
34.23

	
32.59

	
8.25

	
5.90

	
2.87

	
3.16

	
7.63

	
1.50

	
3.87

	
83.84

	
12.29

	
3.87




	
SD

	
0.40

	
0.45

	
0.38

	
0.22

	
0.08

	
0.26

	
0.57

	
0.49

	
0.46

	
0.81

	
1.18

	
0.46








1 Each fraction calculated as percentage of total CN area. 2 Each fraction calculated as percentage of total SP area. 3 Others SP = peptide peaks (10–20 kD) other than α-LA and β-LG. 4 NPN = Non protein nitrogen. 5 TP = Total protein peak areas. SD = standard deviation.
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Table 7. Mean (n = 3) of individual protein fractions observed in capillary gel electrophoresis of retentate (MFR 1 and UFR 2) produced during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.






Table 7. Mean (n = 3) of individual protein fractions observed in capillary gel electrophoresis of retentate (MFR 1 and UFR 2) produced during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.





	Treatment
	β-CN
	αS1-CN
	αS2-CN
	κ-CN
	γ-CN
	α-LA
	β-LG
	Other SP 3
	NPN 4
	CN
	SP
	NPN





	MFR
	36.78 a
	35.76 a
	9.59 a
	6.40 a
	3.72 a
	1.09 b
	3.89 b
	0.95 b
	2.03 a
	92.02 a
	5.95 b
	2.03 a



	SD
	0.50
	0.33
	0.00
	0.19
	0.19
	0.12
	0.31
	0.13
	0.38
	0.52
	0.56
	0.01



	UFR
	33.71 b
	32.93 b
	8.33 b
	6.17 a
	3.22 b
	3.40 a
	8.73 a
	1.38 a
	1.96 a
	84.58 b
	13.47 a
	1.96 a



	SD
	0.19
	1.26
	0.58
	0.84
	0.00
	0.77
	0.38
	0.24
	0.00
	0.24
	0.24
	0.01







a,b Means within same column not sharing common superscript are significantly different (p < 0.05). 1 MFR = micellar casein concentrate retentate. 2 UFR = milk protein concentrate retentate. 3 Other SP = peptide peaks (10–20 kD) other than α-LA and β-LG. 4 NPN = Non protein nitrogen. SD = standard deviation.
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Table 8. Mean (n = 3) protein fractions observed in capillary gel electrophoresis of permeate (MFP 1 and UFP 2) produced during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.






Table 8. Mean (n = 3) protein fractions observed in capillary gel electrophoresis of permeate (MFP 1 and UFP 2) produced during microfiltration and ultrafiltration of skim milk using polymeric spiral-wound membranes.





	
Treatment

	
Caseins

	
Whey Proteins

	
NPN 4

	
CN/TP 5

	
WP/TP

	
NPN/TP




	
β-CN

	
αS1-CN

	
αS2-CN

	
κ-CN

	
γ-CN

	
α-LA

	
β-LG

	
Other SP 3






	
MFP

	
1.17 a

	
0.00

	
0.00

	
0.00

	
0.00

	
23.79 a

	
50.03 a

	
10.44 b

	
14.58 b

	
8.72 a

	
76.70 a

	
14.58 b




	
SD

	
0.05

	
0.00

	
0.00

	
0.00

	
0.00

	
0.51

	
0.33

	
2.40

	
1.53

	
2.08

	
3.15

	
1.53




	
UFP

	
0.0 b

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00 b

	
0.00 b

	
23.92 a

	
76.08 a

	
0.00 b

	
23.92 b

	
76.08 a




	
SD

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
4.41

	
4.41

	
0.00

	
4.41

	
4.41








a,b Means within same column not sharing common superscript are significantly different (p < 0.05). 1 MFP = micellar casein concentrate permeate. 2 UFP = milk protein concentrate permeate. 3 Other SP = peptide peaks (10–20 kD) other than α-LA and β-LG. 4 NPN = Non protein nitrogen. 5 TP = Total protein peak areas. SD = standard deviation.
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