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Ceramic microfiltration (MF) membranes were used to separate serum proteins (SP) from 

casein (CN) micelles in skim milk. The impact of skim milk soluble calcium and lactose 

concentrations, retentate flow channel geometry (round or diamond-shaped), uniform 

transmembrane pressure (UTP), and retentate flow channel diameter (4 mm or 6 mm) on factors 

that impact MF process efficiency (SP removal, limiting flux (LF), and limiting retentate protein 

concentration (LRPC)) were determined.  

Skim milk LF (91 kg·m-2·h-1) was lower than milk protein concentrate with added lactose 

(MPC+L) LF (124 kg·m-2·h-1) due to a reduction in calcium. MPC+L LF was lower than milk 

protein concentrate (MPC) LF (137 kg·m-2·h-1) due to the higher viscosity contributed by lactose. 

No differences in SP removal were detected among the 3 feeds below the LF. Feeding a MF system 

with MPC instead of skim milk will reduce the membrane surface area required to process a given 

volume of milk. 

Performance of membranes with round and diamond flow channels was compared in UTP 

mode. Performance of the membrane with round flow channels was compared with and without 

UTP. Using UTP increased LF by 5%, but SP removal was not affected. Using round instead of 

diamond channel membranes increased LF by 24%. The 47% increase in membrane area per unit 

volume of the diamond channel system resulted in its higher (19%) modular permeate removal 

rate. Using membranes with diamond channels could reduce some of the costs associated with 

ceramic MF of skim milk if fewer membrane modules could be used. 



 
 

Retentate flow channel diameter did not affect the LRPC at constant cross-flow velocity. 

At a given longitudinal pressure drop, 6 mm membranes could achieve a higher cross-flow velocity 

and, thus, a higher LRPC than 4 mm membranes. The higher LRPC of 6 mm membranes might 

facilitate 95% SP removal in 2 MF stages. 4 mm membranes require 21% more energy than 6 mm 

membranes to remove a given amount of permeate. Using 6 mm membranes would be 

advantageous for processors wishing to reduce energy costs or maximize protein concentrations 

in MF retentates. 
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CHAPTER ONE: SKIM MILK MICROFILTRATION AND METHODS TO IMPROVE 

PERFORMANCE 

SKIM MILK MICROFILTRATION OVERVIEW 

Membrane filtration can be used to separate different components within a fluid based 

principally on size. The fluid treated by the process is known as the feed, the fluid concentrated by 

the membrane is known as retentate, and the fluid passed through the membrane is known as 

permeate. Two broad branches of filtration technology are dead end filtration and cross-flow 

filtration. In the former, feed flow is perpendicular to the surface of the membrane. In the latter, 

the feed is pumped tangentially over the surface of the membrane. Both processes are driven by 

transmembrane pressure (TMP), or the pressure on the retentate side of the membrane minus the 

pressure on the permeate side of the membrane. Because of its ubiquity in industrial applications, 

only cross-flow filtration will be discussed hereafter. Microfiltration (MF) is a membrane 

separation process designed to remove particulate matter in the range of 0.10 µm to 10 µm from a 

fluid. Because milk contains many particles within this size range, the dairy industry has sought to 

use MF for applications such as whey defatting, bacterial cell removal, and protein fractionation 

of serum proteins (SP) and caseins (CN) (Karleskind et al., 1995; Elwell and Barbano, 2006; Hurt 

et al., 2010). In milk, native CN exist as colloidal micelles that are roughly 0.15 µm in diameter, 

on average. Conversely, SP exist in solution and are roughly 100 times smaller (Walstra et al., 

2006). Treating skim milk with a 0.10 µm MF process allows the SP to pass through the membrane 

and into the permeate, while the CN micelles are concentrated in the retentate.  

The separation of these proteins can serve many purposes. Papadatos et al. (2003) estimated 

that fortifying cheese milk using skim milk concentrated with a 2 × or 3 × MF process instead of 

nonfat dry milk or condensed milk would increase net revenues during Cheddar or mozzarella 
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cheese production for 30 of the 36 months between 1998 and 2000. This finding was partially 

based on the expectation that the MF permeate could be used to produce a novel serum protein 

concentrate (SPC) ingredient. Serum protein concentrate could be used as a clean-tasting 

alternative to the widely available whey protein concentrates (WPC) created from the 

concentration of cheese whey. Serum protein concentrates are untouched by the cheese-making 

process’ acidulants, microbes, and enzymes, and have been successfully used to fortify clear, 

acidic fruit beverages with protein (Evans et al., 2010). Evans et al. (2010) noted that SPC 

possessed a greater clarity when compared to WPC. This was attributed to the lower fat content of 

SPC and lack of glycomacropeptide from the cheese-making process. Luck et al. (2013) noted that 

SPC exhibited superior functional properties (higher foam overrun, higher foam yield stress, and 

greater gel strength) when compared to WPC. Micellar casein concentrates (MCC), the retentates 

produced from the MF of skim milk, also have potential use in the beverage industry. Though SP 

are prone to heat denaturation and aggregation at temperatures approaching 70°C, CN micelles are 

very heat stable, even at temperatures above 121°C when pH is maintained above 6.9 (Sauer and 

Moraru, 2012). Given the heat stability of native CN micelles, SP-reduced MCC could be used to 

fortify retorted, shake-like beverages with dairy protein instead of milk protein concentrates 

(MPC) which contain less lactose and soluble minerals than skim milk, but retain the same ratio 

of SP to CN as skim milk.  

CERAMIC MEMBRANE DESIGN 

Separation processes like MF require semi-permeable membranes that have the capability 

to separate effectively and be cleaned easily. Membranes can be manufactured from a variety of 

materials. Those made with cellulosic fibers and polymer plastics are relatively inexpensive to 

manufacture, but are sensitive to chemical agents and high temperatures. Consequently, they are 
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difficult to clean and exhibit short lifetimes (approximately 1 year in an industrial setting) 

(Cheryan, 1998). More durable membranes may be made of ceramic materials such as alumina or 

zirconia. A general representation of a multi-channel, tubular ceramic membrane is depicted in 

Figure 1.  

Figure 1. General tubular ceramic membrane design with round retentate flow channels. 

 

Ceramic membrane channels are typically circular, as shown. The selective layer determines which 

milk components are rejected by the membrane, while the support layer provides the membrane’s 

structure. Ceramic membranes can be cleaned with a wide variety of chemical agents, heat 

sanitized at 80°C, and may last up to 10 years without replacement (Cheryan, 1998). Ceramic 

membranes are also more efficient at separating SP from skim milk than polymeric membranes. 

Beckman et al. (2010) demonstrated this by showing that polyvinylidene fluoride spiral wound 

MF membranes removed far less SP from skim milk than ceramic membranes (70.3% versus ~ 
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95%) using a similar 3-stage, 3 × processing protocol. Despite their advantages, three factors make 

ceramic membranes undesirable from a processor’s point of view: the membranes are fragile and 

there is a risk of cracking them if they are subjected to a rapid temperature change (> 10°C per 

min), the initial capital investment is high compared to that of polymeric membranes, and the 

energy required to maintain the high cross-flow velocity over the membrane surface is higher than 

for other membrane systems. While the concern regarding temperature sensitivity can be alleviated 

using carefully programmed process controls, the other concerns are more challenging to address. 

Polymeric membranes cost approximately $40 to $100 per m2 of membrane surface area, but 

ceramic membranes are more on the order of $500 to $3,000 per m2 (Cheryan, 1998). Recent 

membrane purchases for the research presented in this work suggest that this pricing structure has 

not changed in the last 17 years. Clearly, should dairy manufacturers wish to adopt membrane 

technologies, choosing the right membrane for their application is of paramount importance. Not 

only should the investment make financial sense, but it should also be capable of efficiently 

separating the feed material. Therefore, it is necessary for the dairy industry to investigate 

membrane properties which enhance separation efficiency. 

MEMBRANE FOULING 

One of the most important measures of separation efficiency is permeate flux, or the 

amount of permeate removed per unit of membrane surface area per unit time. A discussion of 

membrane separation efficiency would not be complete if it did not the factor that limits flux, 

membrane fouling. Fouling is the general term applied to the accumulation of soil on the surface 

or within the pores of the membrane. Not only does fouling prolong the necessary processing time 

by reducing average flux, but it increases the costs associated with cleaning, decreases separation 

efficiency by imposing an additional layer through which the permeate must pass, and, in severe 
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cases, may lead to irreversible clogging of the membrane (Brans et al., 2004). A precursor to 

fouling is the buildup of retained solids at the membrane surface as they are convected toward the 

pores. This phenomenon is known as concentration polarization, and though it is not fouling in the 

strictest sense of the word, it leads to flux decline by increasing the proportion of foulant material 

in proximity to the surface of the membrane. Consequently, fouling is more likely to occur by 

virtue of the increased presence of potential foulant. The gradient of solute and particulate matter, 

the so-called gel layer, caused by concentration polarization is inevitable in filtration processes; 

without it, no separation could occur. Its thickness and makeup are functions of the hydrodynamic 

conditions of the system (i.e., cross-flow velocity and retentate viscosity), and are not influenced 

by the membrane itself (Marshall et al., 1993). Once concentration polarization is in effect, fouling 

can occur through several mechanisms. Adsorption to the membrane surface, pore blocking, cake 

layer formation (a buildup of adsorbed species), and depth fouling within the pores are among the 

most important (Brans et al., 2004), but compaction of the cake layer due to TMP can also reduce 

flux. 

Milk contains water, colloidal proteins, soluble proteins, lactose, fat, soluble minerals and 

numerous other solids. Because each of these components will interact differently with the 

membrane and with each other, the composition of the feed will influence the degree of fouling. 

Lactose is not considered to be an important foulant in dairy filtration processes (Marshall and 

Daufin, 1995; Rice et al., 2009). Though lactose may become entrapped within the foulant layer 

(Hausmann et al., 2013), its role in flux suppression is expected to be limited to its impact on 

concentration polarization (Rice et al., 2009). Because MF does not reject lactose, this effect is not 

expected to be important in SP removal processes. However, the effects of lactose on MF fouling 

have not been systematically decoupled from those of other soluble nonprotein milk components 
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to the best of the author’s knowledge. The adsorption of proteins constitutes a large proportion of 

the foulant layer in many dairy filtration processes. Tan et al. (2014) determined that SP (α LA, β 

LG, and BSA) preferentially adsorbed to ceramic 1.4 μm MF membranes when no TMP was 

applied and that all of the CN (αs1, αs2, β, and κ) were also present in the foulant layer. Tong et al. 

(1988) found that protein adsorption without TMP (i.e., soaking the membrane in milk) accounted 

for about 90% of the reduction in a polysulfone ultrafiltration membrane’s clean water flux. 

Because CN micelles are rejected by a 0.1 µm membrane, it should be expected that they would 

play a large role in MF fouling. Increasing the amount of rejected solids will increase the effect of 

concentration polarization. Above a certain limiting retentate protein concentration (LRPC) one 

might expect the formation of a gel layer which would limit permeate passage and cause fouling 

to proceed rapidly. Jimenez-Lopez et al. (2008) confirmed the role of CN micelles in 0.1 µm 

ceramic MF membrane fouling by microfiltering model systems composed of MCC powder which 

had been reconstituted in 3 liquids: water, ultrafiltration permeate (water plus lactose plus soluble 

minerals), or MF permeate (water plus lactose plus soluble minerals plus SP). Jimenez-Lopez et 

al. (2008) determined that CN contributed to about 90% of the fouling layer’s resistance. Though 

SP were not as detrimental to flux decline, they were determined to contribute to the foulant layer 

as well. The findings of Jimenez-Lopez et al. (2008) were in agreement with those of Zulewska 

and Barbano (2013). When microfiltering skim milk and CN-free skim milk using polymeric 

membranes, Zulewska and Barbano (2013) observed that the CN-free skim milk process exhibited 

a higher flux (80 versus 17 kg m-2 h-1) and greater SP removal (59% versus 35% reduction of the 

feed SP) than the skim milk process at a concentration factor (CF) of 3 ×. 

Mineral fouling is considered to be another important cause of membrane flux decline in 

dairy processes (Marshall et al, 1993). The mineral deposits formed are usually devoid of 
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magnesium, sodium, potassium, sulfur, or chlorine; however, calcium phosphate is always present 

(Hanemaaijer et al., 1989). Calcium phosphate can precipitate and form scale deposits on and 

within the membrane. Increasing process temperature may worsen this condition, as calcium 

phosphate solubility decreases with increasing temperature (Pouliot et al., 1989). Consequently, 

though decreasing temperature in membrane processes will certainly lead to lower fluxes as a 

result of increased permeate viscosity, increasing temperature may limit flux by causing soluble 

calcium to deposit onto the membrane. Hurt et al. (2015a) microfiltered milk at temperatures 

between 50 and 65°C and did not observe any apparent increase in ceramic membrane fouling as 

MF processing temperature was increased. Divalent cations such as Ca2+ can contribute to fouling 

by facilitating electrostatic protein-protein and protein-membrane interactions between the 

negatively charged carboxyl groups of milk proteins (Rice et al., 2009). Even in the absence of 

CN and SP, calcium has been implicated in fouling MF membranes (Jimenez-Lopez et al., 2008), 

though lactose and other nonprotein soluble components’ contributions have not been 

experimentally ruled out. One method to mitigate fouling due to calcium phosphate might be to 

feed the MF system with a MPC instead of skim milk. Milk protein concentrates are the retentates 

produced by ultrafiltering skim milk. Soluble nonprotein component concentrations (i.e., lactose 

and soluble minerals) in these retentates are reduced and protein concentrations are increased. As 

a consequence of the reduced soluble mineral concentration, ionic strength in liquid MPC is lower 

than that of skim milk. At lower ionic strength, steric repulsions between CN micelles are 

enhanced. This increase in repulsive forces would make it more difficult for CN micelles to 

accumulate with one another near the surface of the membrane and cause fouling (Jimenez-Lopez 

et al., 2008). Therefore, feeding a system with MPC may reduce fouling. 
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PROCESSING METHODS TO REDUCE FOULING 

Uniform Transmembrane Pressure 

Flux is dependent on the filtration process’ driving force, TMP. The nature of this 

dependence can be explained by the critical flux theory (Brans et al., 2004). Briefly, 3 regimes 

exist wherein the TMP is below, slightly above, and well above a critical pressure, respectively. 

In the first regime, flux is linearly dependent on TMP according to Darcy’s law. In this state, 

concentration polarization exists, but no cake layer will be formed. In the second regime, the 

critical flux is exceeded, fouling proceeds rapidly, and flux becomes almost independent of TMP. 

The apex of this regime is known as the limiting flux (LF), or the maximum stationary flux that 

can be achieved by increasing TMP (Bacchin et al., 2006). The LF can be easily determined using 

the flux stepping method described by Samuelsson et al. (1997a) and Bacchin et al. (2006). The 

LF is dependent on cross-flow velocity, temperature, feed suspension properties, and the 

membrane design (Samuelsson, 1997b). If TMP is increased further, flux begins to decline rapidly, 

as depth fouling and cake layer compaction progress. Processors should strive to maintain their 

operations within the second regime to maximize flux efficiency (Brans et al., 2004). Maintaining 

a uniformly low TMP across the entire length of the membrane should be helpful in successfully 

attaining this goal. 

By increasing the velocity at which the retentate recirculates tangentially on the retentate 

side of the membrane (cross-flow velocity), turbulent flow is promoted. Turbulence scours the 

surface of the membrane to break up the foulant layer and provides inertial lift from the membrane 

surface which mitigates concentration polarization, thus reducing the potential for fouling. (Belfort 

et al., 1994). However, higher recirculation rates increase energy costs and the pressure drop along 

the membrane’s length on the retentate side. This results in a high TMP at the inlet, causing rapid 
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fouling, and a low TMP at the outlet, which may result in underutilization of the membrane. To 

overcome this challenge, uniform permeate flux systems have been developed which ensure even 

permeation along the entire length of the membrane. The subsequent techniques for achieving such 

an effect have been well described by Saboya and Maubois (2000), Brans et al. (2004), and 

Zulewska et al. (2009). Alfa-Laval developed the first method of achieving uniform permeate flux 

by placing a pump on the permeate side to co-currently match the retentate side’s pressure drop 

(Sandblom, 1978). This process, known as uniform transmembrane pressure (UTP), is 

characterized by a small difference (i.e., < 25 kPa) in TMP between the inlet and outlet ends of the 

membrane (ΔTMP). Furthermore, TMP at both ends can be kept lower than traditional MF TMP, 

providing enough driving force for the separation to take place, but not enough to rapidly foul the 

membrane. In the UTP process, polymeric beads fill the open space of the permeate side of the 

membrane housing to increase the pressure drop on the permeate side of the membrane (i.e., 

difference between permeate inlet and outlet pressures) and enhance the process’ stability by 

reducing pressure fluctuations. Though reliable, the UTP process’ additional pump incurs both the 

pump and piping’s capital costs and the variable energy costs necessary to operate it.  

Novel Ceramic Membranes  

Though the UTP system has been used successfully for dairy processing (Elwell and 

Barbano, 2006; Hurt et al., 2010), the use of UTP will increase the cost of a MF system. To 

circumvent these additional expenses, yet still provide uniform permeate flux, Societe des 

Ceramiques Techniques and Technologies Avancees & Membranes Industrielles (TAMI) 

patented graded permeability (GP) and selective layer thickness gradient ceramic membranes, 

respectively, in 2002 (Garcera and Toujas, 2002; Grangeon et al., 2002). Their respective trade 

names are “Membralox GP” and “Isoflux.” Each is designed with a permeate flow path with more 
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resistance to flow at the membrane’s inlet than at the outlet end of the membrane. This effect is 

reduced along the length of membrane from inlet to outlet so as to achieve an even permeate flux 

despite heterogeneity in TMP. The Membralox GP process involves application of a coating to the 

outside of the support layer to create a greater support structure density at the inlet end of a 

membrane element, while leaving the outlet end more vacuous (Garcera and Toujas, 2002). Isoflux 

membranes are created by decreasing the thickness of the selective layer from the inlet to the outlet 

to provide the same effect (Grangeon et al., 2002). While these methods are attractive from an 

energy cost reduction standpoint relative to UTP, what is gained in capital savings may be lost in 

separation efficiency. Hurt and Barbano (2010) theorized that a 3-stage, 3 × MF process should 

remove 97% of the SP from a given lot of minimally-pasteurized skim milk, with the first stage 

removing 68% of the SP. However, the actual removal efficiency has been shown vary by 

membrane type. Adams and Barbano (2013) determined that the Isoflux membranes with 

triangular-shaped retentate flow channels removed less SP from skim milk (70.2%) than both the 

UTP (98.3%) and Membralox GP (96.5%) systems examined by Hurt et al. (2010) and Zulewska 

et al. (2014), respectively, during 3-stage, 3 × processes at 50°C. The authors proposed that the 

rejection characteristics of the Isoflux membrane could have been different due to the increased 

selective layer tortuosity at the membrane’s inlet or enhanced fouling due to the membrane’s 

triangular retentate flow channel geometry. These two effects could not be decoupled due to the 

unavailability of Isoflux membranes with round retentate flow channels. An experiment that could 

isolate one of these characteristics (i.e., the membrane channel geometry) would be useful in 

determining ceramic membrane properties which might limit productivity (i.e., SP removal). 

Despite the numerous studies which discuss the impact of uniform permeate flux control 

methods on skim milk SP removal (Zulewska et al., 2009; Hurt et al., 2010; Adams and Barbano, 
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2013) no work has been conducted to determine the influence of channel geometry or channel size 

on the SP removal process. Moreover, no studies could be found which determined the effects of 

these membrane characteristics on LF when processing dairy fluids. Chiu et al. (2005) 

microfiltered wastewater using MF membranes with star-shaped retentate flow channels and noted 

that the high critical flux observed relative to other studies (which used circular channels) may 

have resulted from flow instabilities caused by the non-circular channel design. However, the Chiu 

et al. (2005) experimental design did not include a circular channel control for comparison and, 

unlike other studies which were used for comparison, the feed material used in the star-shaped 

channel study had been clarified prior to filtration. These discrepancies make it difficult to compare 

differences between the circular and non-circular membrane channels among studies. In 1999, 

TAMI produced a patent regarding the creation of non-circular membrane channels which were 

triangular in nature (Grangeon and Lescoche, 1999). This design (Figure 2) is said to confer the 

following advantages over circular designs: reduced head loss within the support structure and 

increased flow speed of the permeate through the channels.  

 

 

Figure 2. TAMI Isoflux (left) and Membralox GP (right) membrane cross sections. 
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The claims made by Grangeon and Lescoche (1999) are based on the fact that the larger 

surface area of the channel (the triangle side opposite of the minimum angle) is oriented toward 

the element’s periphery. Another advantage that can be gained by using non-circular membrane 

channels is increased membrane surface area per unit of membrane volume, or membrane 

compactness. This advantage was the reasoning behind the production of the Membralox IC brand 

of ceramic membranes (Pall Corporation, East Hills, NY), which have diamond-shaped retentate 

flow channels. Because ceramic elements must be housed inside expensive stainless steel modules 

(> $3,000 each), maximizing surface area within a given module may reduce capital costs by 

reducing the number of modules necessary for a given amount of membrane surface area.  

RECENT RESEARCH 

Hurt et al. (2015b,c) recently studied the effects of membrane channel diameter (3 mm and 

4 mm) and retentate protein concentration on LF when microfiltering a MPC85 with Membralox 

GP membranes at 50°C. A liquid MPC85 (5.4% true protein) was chosen as the feed because it 

would produce a MF permeate that was richer in SP than a skim milk MF permeate. This would 

reduce the amount of permeate produced for a given level of SP reduction (Hurt and Barbano, 

2015). Membranes with 4 mm channel diameters exhibited LF that were approximately 25% 

higher than those of 3 mm diameter membranes at similar protein concentrations between 8% and 

10% (Hurt et al., 2015c). Decreasing the retentate protein concentration decreased the viscosity 

and increased the LF. Given this trend, larger channel diameters (i.e., 6 mm) could potentially be 

used in a final MF stage to concentrate the liquid MCC to a higher protein concentration for use 

as an ingredient in food and beverage applications. Establishing the protein concentration 

limitations of such a system would be important for today’s processors, as the demand for high 

protein foods is on the rise. During the work by Hurt et al. (2015b,c), MPC85 was noted to have a 
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higher LF than expected based on previous unpublished work with skim milk. Because skim milk 

and MPC85 have yet to be carefully compared in this context, further work is necessary to identify 

the cause of this difference. If verified, these findings could lead to MF systems which are fed with 

MPC85 instead of skim milk to enhance the flux of a MF SP removal process.  

The objectives of this research were to 1) determine the changes in LF and SP removal 

associated with reductions in lactose and soluble calcium in skim milk during a 0.1 µm ceramic 

GP membrane MF process at 50°C, 2) determine the effects of ceramic membrane retentate flow 

channel geometry (round or diamond-shaped) and UTP on LF and SP removal during MF of skim 

milk at a temperature of 50°C, a retentate protein concentration of 8.5%, and an average cross-

flow velocity of 7 m·s-1, and 3) determine the effect of ceramic membrane retentate flow channel 

diameter (4 mm or 6 mm) of non-GP, 100 nm pore size membranes operated without UTP on the 

LRPC while microfiltering skim milk at a temperature of 50°C, a flux of 55 kg·m-2·h-1, and an 

average cross-flow velocity of 7 m·s-1. 
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CHAPTER TWO: IMPACT OF SOLUBLE CALCIUM AND LACTOSE ON LIMITING 

FLUX AND SERUM PROTEIN REMOVAL DURING SKIM MILK 

MICROFILTRATION 

ABSTRACT 

 Calcium’s tendency to promote microfiltration (MF) membrane fouling is well 

documented, but the role of lactose has not been studied. Milk protein concentrate that is 85% 

protein on a dry basis (MPC85) contains less calcium and lactose than skim milk. Our objectives 

were to determine the effects of skim milk soluble calcium and lactose concentrations on the 

limiting fluxes (LF) and serum protein (SP) removal factors of 0.1 µm ceramic graded 

permeability membranes. The MF was fed with 3 different milks: skim milk, liquid MPC85 that 

had been standardized to the protein content of skim milk with reverse osmosis (RO) water 

(MPC), and liquid MPC85 that had been standardized to the protein and lactose contents of skim 

milk with RO water and lactose monohydrate (MPC+L). Retentate and permeate were 

continuously recycled to the feed tank. The LF for each feed was determined by increasing flux 

once per h from 55 kg·m-2·h-1 until flux did not increase with increasing transmembrane pressure. 

Temperature, pressure drop across the membrane length, and protein concentration in the retentate 

recirculation loop were maintained at 50°C, 220 kPa, and 8.77 ± 0.2%, respectively. Experiments 

were replicated 3 times and the Proc GLM procedure of SAS was used for statistical analysis. An 

increase in LF between skim milk (91 kg·m-2·h-1) and MPC+L (124 kg·m-2·h-1) was associated 

with a reduction in soluble calcium. The LF of MPC+L was lower than the LF of MPC (137 kg·m-

2·h-1) due to the higher viscosity contributed by lactose. Permeates produced from the MPC and 

MPC+L contained more protein than the skim milk permeate due to the transfer of caseins from 

the micelles into the reduced-calcium sera of the MPC and MPC+L. A SP removal factor was 
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calculated by dividing true protein in the permeate by SP in the permeate portion of the feed to 

describe the ease of SP passage through the membrane. No differences in SP removal factors were 

detected among the 3 feeds below the LF. As the fluxes approached the LF, SP removal factors 

decreased due to fouling. Feeding a MF system with MPC instead of skim milk will reduce the 

required membrane surface area, but the permeate protein composition will be slightly higher in 

casein content. 

INTRODUCTION 

 Microfiltration (MF) is a membrane process designed to remove particulate matter (0.1 to 

10 µm) from fluids. The dairy industry uses MF for applications such as whey defatting, bacterial 

cell removal, and protein fractionation of serum proteins (SP) and CN (Karleskind et al., 1995; 

Elwell and Barbano, 2006; Hurt et al., 2010). In milk, most CN exist as colloidal micelles that are 

0.15 µm in diameter, on average. Soluble SP are roughly 100 times smaller. Treating skim milk 

with a 0.1 µm MF process should concentrate CN micelles in the retentate and allow SP to pass 

through the membrane into the permeate. Accumulation of soil on a membrane, or fouling, can 

limit SP transmission, thus making this separation less efficient. Fouling can also suppress 

permeate flux and make cleaning more difficult. These effects increase the costs of a MF plant.  

Flux and the extent of fouling are dependent on the filtration process’ driving force, 

transmembrane pressure (TMP). The nature of this dependence can be explained by the critical 

flux theory (Brans et al., 2004). Briefly, 3 regimes exist wherein the TMP is below, slightly above, 

and well above a critical pressure, respectively. In the first regime, flux is linearly dependent on 

TMP according to Darcy’s law (Hurt et al., 2015a,b). In the second regime, a critical flux is 

exceeded, fouling proceeds more rapidly, and flux becomes almost independent of TMP. The apex 

of this regime is known as the limiting flux (LF), or the maximum stationary flux that can be 
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achieved by increasing TMP (Bacchin et al., 2006). The LF is a result of fouling and is dependent 

on cross-flow velocity, temperature, membrane design, and the feed composition (Samuelsson, 

1997a). If TMP is increased further, the process enters the third regime and flux begins to decline. 

Processors should strive to maintain their operations within the second regime to maximize the 

average flux (Brans et al., 2004). 

Because milk’s various solids interact differently with the membrane, the composition of 

the feed will influence the degree of fouling. Proteins constitute a large proportion of the foulant 

layer in many dairy filtration processes. Jimenez-Lopez et al. (2008) confirmed the role of CN 

micelles in 0.1 µm ceramic MF fouling by microfiltering model fluids composed of micellar CN 

powder which had been reconstituted in 3 liquids: water, UF permeate (water plus lactose plus 

soluble minerals), or MF permeate (water plus lactose plus soluble minerals plus SP). They 

determined that CN contributed to about 90% of the fouling layer’s resistance. Though SP were 

not as detrimental to flux decline, they contributed to the foulant layer as well. These findings were 

in agreement with those of Zulewska and Barbano (2013), who observed that feeding a polymeric 

MF system with CN-free skim milk instead of skim milk produced a higher average flux (80 versus 

17 kg·m-2·h-1) and higher SP removal (59% versus 35% reduction) during a continuous 3× process. 

Mineral fouling is considered to be another important cause of flux decline in MF (Vetier 

et al., 1988). The mineral deposits formed are usually devoid of Mg, Na, K, S, and Cl, but Ca 

phosphate is always present (Hanemaaijer et al., 1989). Calcium phosphate can precipitate and 

form scale deposits on and within the membrane. Tan et al. (2014) determined that minerals did 

not significantly contribute to the fouling structure when microfiltering skim milk at 6°C using 

ceramic membranes. However, increasing process temperature may increase mineral fouling, as 

Ca phosphate solubility decreases with increasing temperature (Pouliot et al., 1989). Vetier et al. 
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(1988) noted a substantial increase in mineral fouling after increasing the MF temperature from 

20°C to 50°C during ceramic MF of whole milk. The temperature effect is less pronounced above 

50°C. Hurt et al. (2015a) were able to maintain constant flux during a skim milk MF process at 

temperatures between 50°C and 65°C without increasing the TMP. Divalent cations such as Ca2+ 

can also contribute to fouling by facilitating electrostatic protein-protein interactions between the 

negatively charged carboxyl groups of milk proteins (Rice et al., 2009). Even in the absence of 

CN and SP, Ca has been implicated in fouling ceramic MF membranes (Jimenez-Lopez et al., 

2008), though lactose and other nonprotein soluble components’ contributions have not been 

experimentally ruled out. Lactose is not thought to be an important foulant in dairy filtration 

processes (Marshall and Daufin, 1995; Rice et al., 2009). Its role in UF flux suppression is limited 

to its impact on viscosity (Rao et al., 1994). However, to the best of the authors’ knowledge, the 

effects of lactose on skim milk ceramic MF fouling have not been systematically decoupled from 

those of other soluble nonprotein milk components.  

One method to reduce ceramic membrane fouling due to Ca phosphate might be to feed 

the MF system with a milk protein concentrate instead of skim milk. A milk protein concentrate is 

the retentate produced by UF and diafiltration of skim milk and is named according to its 

percentage of protein on a dry basis (i.e., a milk protein concentrate that is 85% protein on a dry 

basis is a MPC85). Relative to skim milk, soluble nonprotein component concentrations (i.e., 

lactose and soluble minerals) in MPC85 are reduced and protein concentrations are increased. If 

the ultimate goal of a MF process is to produce a micellar CN concentrate (Hurt et al., 2010) with 

a low lactose content, feeding the system with a MPC85 will decrease the required MF membrane 

area (Hurt and Barbano, 2015) and may increase the LF by mitigating Ca-induced fouling. 
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The objectives of this work were to determine the changes in LF and SP removal associated 

with reductions in lactose and soluble calcium in skim milk during a 0.1 µm ceramic graded 

permeability (GP) membrane MF process at 50°C. Skim milk, MPC85, and MPC85 with added 

lactose were each microfiltered while flux was increased from 55 kg·m-2·h-1 to the LF. The 

compositions and viscosities of the feeds, retentates, and permeates from each process were 

determined and used to explain the results. 

MATERIALS AND METHODS 

Experimental Design 

 A completely randomized split block design was employed in which feed type was the 

whole plot factor, flux was the sub plot factor, and replicate was the blocking factor. The 

experiment was replicated 3  times in different weeks with 3 different batches of fresh pasteurized 

skim milk and liquid MPC85 (12% protein, 0.5% lactose, 0.2% fat, 14% total solids) made from 

that skim milk. Each replicate took place over 4 days in a week. On the first day, HTST-pasteurized 

(73°C, 20 s) skim milk (300 kg) and liquid MPC85 (200 kg) were procured from OATKA Milk 

Products Cooperative, Inc. (Batavia, NY). The second, third, and fourth days were used to MF the 

3 feeds described below. The order of feed MF was randomized within each week and balanced 

among replicates.  

Feed Preparation 

 Three feeds were used in this study: pasteurized skim milk, liquid MPC85 diluted to the 

protein content of skim milk using reverse osmosis (RO) water (MPC), and liquid MPC85 diluted 

to the protein content of skim milk with RO water and fortified to the lactose content of skim milk 

with lactose monohydrate (5200 Ultra Refined Natural Lactose, Hilmar Cheese Company, Inc., 

Hilmar, CA) (MPC+L). All feeds were refrigerated at < 4°C until use. The skim milk required no 
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additional preparation. On the first day of the week, the fat, true protein (TP), and anhydrous 

lactose concentrations of the skim milk and liquid MPC85 were measured using a mid-infrared 

(MIR) spectrophotometer (Lactoscope FTIR Advanced, Delta Instruments, Drachten, 

Netherlands) and an Excel solver program (Microsoft, Redmond, WA) was used to calculate the 

necessary water and lactose additions for the MPC and MPC+L. On the evenings before the MPC 

and MPC+L MF runs, these feeds were blended and stored overnight at < 4°C. When preparing 

the MPC+L, lactose was dissolved in the RO water portion at 50°C to facilitate solubilization and 

then cooled to <4°C by pumping through a plate heat exchanger (Model 080-S, AGC Engineering, 

Manassas, VA) before adding the MPC85. Initial solver calculations were based on the MIR 

analysis of the liquid MPC85. Lactose (when necessary) and about 85% of the calculated RO water 

addition were added to the liquid MPC85 based on the MPC85 MIR measurement. The 

composition of the initial diluted feed was then measured by MIR again and a final addition of RO 

water was made based on these results to avoid over dilution. On the day of use, each feed was 

heated to 50°C by pumping through a plate heat exchanger (Model 080-S) at 60°C into a 379 L 

jacketed vat. Feeds were held at 50°C in the vat for 15 min before sending product to the MF 

system.  

Microfiltration Operation 

 On the evening before processing, the pilot-scale MF system (Tetra Alcross M7, TetraPak 

Filtration Systems, Aarhus, Denmark) was cleaned as described by Zulewska et al., (2009). 

Briefly, the nitric acid storage solution (0.55% v / v) was flushed out of the system using 25°C RO 

water until the flush water was neutral (15 min). The MF system was gradually heated (< 10°C / 

min) to 80°C using 85°C RO water, Ultrasil 25 (Ecolab Inc., St. Paul, MN) was added to the system 

(1.95% v / v), and the Ultrasil caustic solution was recirculated for 30 min with the feed and 
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retentate recirculation pumps on. After cleaning, the system was gradually cooled (< 10°C / min) 

to 50°C and the caustic solution was flushed out of the system using 25°C RO water until the flush 

water was neutral (15 min). 

The system was equipped with 0.1 µm Membralox GP membranes (EP1940, Pall Corp., 

East Hills, NY). The system’s stainless steel membrane module housed 7 ceramic α-alumina 

elements, each with 19 circular channels that were 4 mm in diameter and 1.02 m in length for a 

total membrane surface area of 1.68 m2. With the exception of the GP membrane module, the MF 

system was identical to the one described by Adams and Barbano (2013). Pressure gauges were 

mounted on the system to monitor retentate pressure at the membrane inlet (PRi), retentate pressure 

at the membrane outlet (PRo), and permeate pressure at the membrane inlet (PPi). Because there 

was no pressure gauge at the permeate outlet port, permeate pressure at the membrane outlet (PPo) 

was calculated as PPi plus 13.79 kPa based on the height and density of the vertical column of 

liquid.  

On the morning of processing, the MF system was flushed with 50°C RO water to heat the 

system and remove the storage acid. A clean membrane water flux was measured using 50°C RO 

water and pressure gauges were corrected to account for their vertical heights so that accurate TMP 

at the inlet and outlet and average TMP (TMPi, TMPo, and TMPavg, respectively) could be 

calculated (Adams and Barbano, 2013). Initial MF processing conditions were then set on RO 

water. To do this, the retentate recirculation pump was turned on and controlled using a variable 

frequency drive (MC Series, Model M12100C, Lenze AC Tech, Uxbridge, MA) to achieve a 220 

kPa pressure drop along the length of the membrane (ΔP = PRi – PRo). The permeate valve was 

then opened to achieve a flux of 55 kg·m-2·h-1 and the retentate valve was opened to achieve a 

concentration factor (CF) of 2.94×. The system feed source was then switched from 50°C RO 
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water to 50°C feed (300 kg) and the RO water was flushed out of the system. Permeate and 

retentate were collected into standard 38 L milk cans, weighed, and then discarded while flushing. 

In total, 175 kg of permeate, retentate, and RO water was collected to bring the protein 

concentration in the retentate recirculation loop to the target 8.5%, as determined by MIR. Once 

the water had been flushed from the system, the retentate and permeate were recycled back to the 

feed vat and the remainder of the experiment was conducted in total recycle. The system was 

allowed to reach a steady retentate protein concentration (8.5% as determined by MIR) while in 

recycle. Once stable, a flux-stepping method similar to the ones described by Samuelsson et al. 

(1997b) and Bacchin et al. (2006) was employed to determine the LF. Flux was increased by 10 to 

20 kg·m-2·h-1 each hour (Table 1), with the first hour remaining at 55 kg·m-2·h-1, until a LF was 

reached.  

Table 1. Mean (n = 3) fluxes (kg·m-2·h-1) at 

each flux step1 for skim milk, milk protein 

concentrate (MPC), and MPC with added 

lactose (MPC+L) 

Step Skim MPC MPC+L 

1 55.2   55.0   54.8 

2 65.7   75.7   75.0 

3 77.0   96.4   96.7 

4 86.0 117.3 119.1 

5 90.8 137.1 124.2 
1 Flux was increased once per h according to 

the values above. 

 

During the flux-stepping procedure, permeate mass flux and CF were measured every 15 

min by collecting retentate and permeate from the system into 2 tared 19 L buckets. After 2 min 

of collection, the buckets were weighed and the CF was calculated. Samples of permeate and 

retentate were collected and analyzed by MIR to monitor the composition every 15 min. After 45 

min at each flux, the retentate and permeate were collected continuously for 15 min and samples 
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for analytical testing were collected. The permeate and retentate that remained after sampling were 

added back to the feed vat and the flux was increased. A LF was reached when flux could no longer 

be increased by increasing TMP. At this point, a fouled water flux was determined with 50°C RO 

water and the MF system was cleaned as described by Zulewska et al. (2009). 

Processing Calculations 

Resistances. Resistances were calculated according to Darcy’s Law (Equation 2.1), where 

R is the resistance (m-1), μ is the permeate viscosity (Pa·s), and TMP and flux are in units of Pa 

and m3·m-2·s-1, respectively. 

TMP
R

Flux



           [2.1] 

The resistance of the clean membrane (RM) was calculated at each flux used in this study by 

measuring TMP while the system was operated on 50°C RO water with the feed pump and 

retentate recirculation pump running. The viscosity of water at 50°C (0.547 mPa·s) was used for 

this calculation. The combined resistance of the concentration polarization gel layer and fouling 

layer (RCP+F) was calculated by subtracting the clean membrane resistance from the total resistance 

calculated during processing. The viscosities of the different MF permeates were used for the 

combined resistance calculations. Fouling ratios were calculated by dividing RCP+F by RM. 

 Reynolds Numbers. The dimensionless Reynolds number (Re) indicates whether flow is 

turbulent (> 4,000) or laminar (< 2,100). Reynolds numbers were calculated for the retentates at 

each flux step according to Equation 2.2, where ρ is the retentate density at 50°C (kg·m-3), D is 

the membrane channel diameter (0.004 m), V is the average retentate cross-flow velocity (m·s-1), 

and μ is the retentate viscosity at 50°C (Pa·s). 

 Re
D V



 
          [2.2] 
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Ultracentrifugation 

 Feed samples were ultracentrifuged at the end of each replicate to separate the CN micelles 

from the serum phase so that soluble Ca and soluble proteins could be measured by analysis of the 

supernatants. Approximately 120 g of feed was divided among 12 screw-capped, polycarbonate 

centrifuge tubes (UltraBottle 3430-1610, Nalge Company, Rochester, NY) and centrifuged at 

100,000 × g for 60 min (Sauer and Moraru, 2012) at 40°C using a Beckman L8-70M 

Ultracentrifuge (Beckman-Coulter Inc., Brea, CA) and a titanium rotor (50 Ti, Beckman-Coulter 

Inc.). The clear supernatants from all tubes were carefully collected using a 10 mL syringe (Luer-

Lock, Thermo-Scientific, Waltham, MA) with a 76 mm needle and pooled. Supernatants were 

frozen at -80°C until analysis.   

Analytical Testing 

Proximate Analyses. Feed samples were collected prior to processing. Retentate and 

permeate  samples were collected during processing and analyzed using a calibration for milk to 

rapidly estimate fat, anhydrous lactose, and TP using MIR (Kaylegian et al., 2006). There were 

not specific MIR calibrations for retentate, permeate, or diluted MPC85. The MIR analysis was 

done to confirm that the retentate protein concentration remained near 8.5% during processing and 

to detect changes in SP passage in the permeate during a processing run. Feed total solids (TS), 

fat, anhydrous lactose, total nitrogen (TN), nonprotein nitrogen (NPN), and noncasein nitrogen 

(NCN) were determined using forced air oven drying (AOAC, 2000; method 990.20; 33.2.44), 

ether extraction (AOAC, 2000; method 989.05; 33.2.26), enzymatic anhydrous lactose method 

(Lynch et al. 2007, method 2006.06), Kjeldahl (AOAC, 2000; method 991.20; 33.2.11), Kjeldahl 

(AOAC, 2000; method 991.21; 33.2.12), and Kjeldahl (AOAC, 2000; method 998.05; 33.2.64), 

respectively. Feed NCN preparation was modified by increasing the amounts of sodium acetate (1 
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N) and acetic acid (10% v/v) from 1 mL each to 5.5 mL each to fully precipitate CN 

(Wojciechowski and Barbano, 2012). Crude protein (CP) was calculated by multiplying TN by 

6.38, TP was calculated by subtracting NPN from TN and multiplying by 6.38, CN was calculated 

by subtracting NCN from TN and multiplying by 6.38, and SP content was calculated by 

subtracting NPN from NCN and multiplying by 6.38. Permeate and retentate samples from each 

flux step were analyzed for TS, TN, and NPN using the same methods as the feed samples and TP 

was calculated. Retentate NCN was measured using the modified NCN method described above 

(Wojciechowski and Barbano, 2012) and CN was calculated. The pH of the feeds, permeates, and 

retentates were measured during processing with a solid polymer electrode (HA405-DXK-S8/120, 

Mettler-Toledo, Bedford, MA) and an Accumet 915 pH meter (Fisher Scientific, Pittsburgh, PA) 

that was calibrated at 50°C using standard pH 4 and 7 buffer solutions (SB101, SB107, Fisher 

Scientific). All feed, permeate, and retentate TN, NPN, and NCN samples were immediately 

refrigerated at < 4°C and analyzed within 24 h of processing. All feed, permeate, and retentate TS, 

fat, and anhydrous lactose samples were immediately frozen at -80°C until analysis.  

Calcium Analysis. Permeate, feed, and ultracentrifugation supernatant Ca contents were 

determined by inductively coupled mass spectrometry. The procedure described by Sauer and 

Moraru (2012) was used and modified with the addition of 1 mL of H2O2 to the digestion solution. 

For the feeds, total Ca was taken to be the Ca measured in the feed sample and soluble Ca in the 

permeate portion of the feed was taken to be the Ca measured in the ultracentrifugation supernatant 

of the feed sample. 

Soluble Protein Analysis. Proteins in the ultracentrifugation supernatants and MF 

permeates were identified by reducing SDS-PAGE at Daisy Brand (Garland, TX). A microfluidic 

chip-based capillary electrophoresis system (Experion Automated Electrophoresis Station, Bio-
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Rad Laboratories, Inc., Hercules, CA) and protein testing kit (Experion Pro260 Analysis Kit, Bio-

Rad Laboratories, Inc.) were used to determine the relative quantities of αs1 CN, β CN, αs2 + κ CN, 

α LA, β LG, bovine serum albumin (BSA), and lactoferrin. Between 85 and 90% of the total peak 

area in each electropherogram was accounted for by the sum of these 7 protein fractions. All 

reagents were supplied by Bio-Rad Laboratories, Inc. and included in the Pro 260 Analysis Kit, 

unless otherwise noted. 

The Pro260 gel and fluorescent gel stain were prepared according to the manufacturer’s 

instructions. The reducing buffer was prepared by combining 30 μL of the Pro 260 kit sample 

buffer with 1 μL of β-mercaptoethanol. The buffer contains lithium dodecyl sulfate, which binds 

to the proteins. The fluorescent gel stain, in turn, binds to the lithium dodecyl sulfate, fluoresces 

in proportion to the amount of protein present, and is detected by the Experion system. Each sample 

was diluted with deionized water to a TP concentration of 0.09% w / w, based on Kjeldahl data, 

then 4 μL of the diluted sample and 2 μL of the reducing buffer were combined in a 0.25 mL snap-

cap microcentrifuge tube (Fisher Scientific). In addition, a ladder sample containing marker 

proteins of known molecular weights was prepared in the same manner by combining 4 μL of the 

Pro260 kit ladder and 2 μL of reducing buffer. The sample-buffer and ladder-buffer mixtures were 

centrifuged briefly at 2,000 × g (Mini Centrifuge, Bio-Rad Laboratories, Inc.) to collect the liquid 

in the bottom of the tubes and the tubes were placed in a boiling water bath for 5 min. The 

condensates in the tubes were then centrifuged down again and the samples and ladder were further 

diluted by adding 84 μL of deionized water to each tube. Each microfluidic chip, analogous to a 

gel slab, was loaded with a prepared ladder for molecular weight comparisons, 9 prepared samples, 

and a prepared skim milk sample to run as a check for consistency of analysis from chip to chip. 

Each sample was analyzed in duplicate from a common tube. The area under the peak 
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corresponding to each protein fraction was calculated using Experion Software (Version 3.20, Bio-

Rad Laboratories, Inc.) by manually assigning peaks and using a straight baseline integration 

approach. 

Serum Protein Removal Calculations 

 The SP removal factor for each flux step were estimated using Kjeldahl data of the feeds 

and permeates. Based on previous work (Hurt et al., 2010; Hurt et al., 2015a), all permeate TP was 

assumed to be SP. The SP removal factor was calculated by dividing the permeate TP by the feed 

SP in the permeate portion of the feed (SPFeed / (100 – CNFeed) × 100). 

Apparent Viscosity and Density Measurements 

 Apparent viscosities of all feeds and retentates were measured using a rotational viscometer 

(LV-DV2T, Brookfield Engineering Laboratories, Inc., Middleboro, MA) equipped with a 

jacketed cup and bob fixture (Enhanced UL Adapter, Brookfield Engineering Laboratories, Inc.). 

All samples were measured at 50 ± 1°C at a constant shear rate of 73 s-1. Temperature was 

maintained by placing 16 mL of tempered sample into the cup and circulating 50°C water through 

the jacket during measurement. Each sample measurement reflected the average viscosity obtained 

under 30 s of shear after a 20 s shear equilibration period.  

 Permeate viscosities at 50°C were below the sensitivity of the viscometer (< 0.80 mPa·s). 

To overcome this limitation, equal amounts of permeate from all flux steps within a day were 

pooled and measured at temperatures between 2 and 40°C, an Arrhenius plot was constructed, and 

the least squares parameters for the Arrhenius equation (Equation 2.3) were derived using linear 

regression (Microsoft Excel). 

E

RTAe             [2.3] 
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In Equation 2.3, μ is the permeate viscosity (Pa·s), A is the pre-exponential constant (Pa·s), E is 

the activation energy required for flow (J·mol-1), R is the universal gas constant (8.314 J·K-1·mol-

1), and T is the absolute temperature (K). The equation that minimized the least squares (R2 > 

0.995) was used to estimate permeate viscosity at 50°C for each day of processing. Additional 

information regarding the development of each equation can be found in Appendix A1. 

 Retentate densities were determined at 50°C with a pycnometer (Weissberger and Rossiter, 

1971). The density of distilled water was measured at 50°C using the same technique to verify the 

method’s accuracy.  

Statistical Analysis 

Type III SS were analyzed by ANOVA using the Proc GLM procedure of SAS (SAS 

version 9.4, SAS Institute Inc., Cary, NC). To detect differences (P < 0.05) in composition among 

feeds, the general linear model (GLM) was dependent variable = feed + replicate + error where 

replicate was considered a random variable. To detect differences (P < 0.05) in processing 

variables, retentates, and permeates among feeds and fluxes, the GLM was dependent variable = 

feed + flux + replicate + feed × flux + replicate × feed + error where replicate and replicate × feed 

were random variables. Because feed was a whole plot factor in the split block design, its 

significance was tested using replicate × feed as the error term. For comparisons of least squares 

means among the feeds and fluxes, a Tukey-Kramer adjustment was made for multiple 

comparisons.    

RESULTS AND DISCUSSION 

Proximate Compositions of Feeds, Retentates, and Permeates 

Feed Compositions. The amounts of RO water and lactose monohydrate added during 

MPC and MPC+L preparation were based on MIR determinations of the MPC85 lactose and TP 
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concentrations. Because the MIR was calibrated for testing normal milk in the range of 2 to 4.3% 

TP, the intercorrection factors (Lynch et al., 2006) for fat on protein (0.061) and lactose on protein 

(0.045) may not apply when testing diluted MPC85, MF retentate, and MF permeate. The MIR 

underestimated MPC and MPC+L TP and lactose by about 5%. Consequently, both the MPC and 

MPC+L were under diluted with RO water. In the present study and in previous work (Hurt et al., 

2015a) the removal of the soluble minerals, lactose, and NPN increased the relative concentration 

of water in the milk and this may have caused slightly different intercorrection factors to be needed 

when testing these types of filtration samples. The under dilution caused some minor variations 

among the 3 feed compositions (Table 2).  

Table 2. Mean (n = 3) compositions of skim milk, milk protein concentrate (MPC), and MPC 

with added lactose (MPC+L) used to feed the 0.1 µm microfiltration process 

   Skim   MPC    MPC+L     SE     R2 

Total solids (%)     9.255a    3.912c     8.833b 0.048  >0.99 

Crude protein (%)     3.414ab    3.382b     3.458a 0.023    0.85 

Nonprotein N × 6.38 (%)     0.184a    0.029b     0.028b 0.004 >0.99 

Noncasein N × 6.38 (%)     0.756a    0.607b     0.621b 0.016   0.98 

True protein (%)     3.230c    3.353b     3.430a 0.025   0.96 

Casein (%)     2.658c    2.775b     2.837a 0.017   0.98 

Serum protein (%)     0.572  0.578    0.593 0.016   0.55 

SPpermeate portion
1     0.588  0.594    0.610 0.016   0.56 

CN%TP (%)2   82.3   82.8     82.7 0.004   0.49 

Fat (%)     0.053b     0.055ab      0.058a 0.002 >0.99 

Lactose (%)     4.830b    0.177c      5.051a 0.030 >0.99 

Total calcium (mM)   24.01a   16.94b  18.16b 1.723   0.88 

Soluble calcium (mM)      7.64a 2.35b     2.32b 0.360 >0.99 

pH (-)     6.49b 6.83a     6.83a 0.014 >0.99 
a-c Means within the same row not followed by the same letter are different (P < 0.05). 
1 SPpermeate portion = (serum protein / (100 – casein)) 
2 CN%TP = (casein / true protein) × 100 

 

A goal of this experiment’s design was to produce feeds with the same TP concentrations. 

However, the MPC+L had more TP and CN than MPC (P < 0.05) and MPC had more TP and CN 

than the skim milk (P < 0.05) based on Kjeldahl analysis (Table 2). No differences (P > 0.05) were 
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detected in SP or CN as a percentage of TP among the 3 feeds. Another goal of this experiment’s 

design was to produce a MPC+L with the same lactose content as that of the skim milk. Under 

dilution also caused MPC+L lactose to be higher (P < 0.05) than skim lactose, though MPC lactose 

was still lower (P < 0.05) than both skim and MPC+L lactose. Skim milk fat was lower (P < 0.05) 

than that of MPC+L, though this was not considered important as all feeds contained < 0.06% fat 

and the differences were small. The addition of lactose to the MPC+L increased its TS relative to 

that of the MPC (P < 0.05). Skim milk TS was higher (P < 0.05) than MPC+L TS as a result of 

the reduction in MPC85 soluble minerals and NPN during UF. Skim milk NPN and NCN were 

higher (P < 0.05) than those of MPC and MPC+L for the same reasons. The pH of the feeds were 

not adjusted prior to MF, as this would most likely not be done in a production environment. The 

UF diafiltration process and addition of RO water to the MPC and MPC+L diluted hydrogen ions 

and buffering salts, thereby increasing (P < 0.05) their pH relative to that of the skim milk.  

Retentate Composition. Skim milk retentate TS were higher (P < 0.05) than MPC+L 

retentate TS due to differences in NPN and mineral contents and MPC+L TS were higher (P < 

0.05) than MPC TS due to a difference in lactose content (Table 3). Because no differences (P > 

0.05) in CF were detected among the 3 feeds (data not shown), the under dilution of the MPC and 

MPC+L resulted in CP and TP values that were higher (P < 0.05) than those of skim milk. 

Differences (P < 0.05) in retentate NPN were consistent with those of the feeds. No differences (P 

> 0.05) in retentate TS, CP, or TP were detected between the initial flux (55 kg·m-2·h-1) and LF 

within any of the feeds. This indicated that the retentate protein concentration was not changing 

with time from the beginning to the end of the processing run. On the other hand, retentate NPN 

and NCN increased (P < 0.05) and CN decreased (P < 0.05) for all feeds from the initial flux to 

the LF. Differences (P < 0.05) in pH among the retentates were consistent with those of the feeds. 
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Table 3. Mean (n = 3) compositions of retentates of skim milk, milk protein concentrate (MPC), 

and MPC with added lactose (MPC+L) produced with a 0.1 µm microfiltration process at 55 

kg·m-2·h-1 or the limiting flux (LF)1 

 Skim, 

55 

Skim, 

LF 

MPC, 

55 

MPC, 

LF 

MPC+L, 

55 

MPC+L, 

LF 

SE R2 

Total solids (%) 14.749a 14.876a 9.884c 10.036c 14.502b 14.433b 0.133 >0.99 

Crude protein (%) 8.708b 8.738b 8.859a 8.914a 8.956a 8.839a 0.089 0.88 

NPN (%)2 0.181b 0.195a 0.036d 0.051c 0.035d 0.054c 0.003 >0.99 

NCN (%)2   0.886c 1.034a 0.755d 0.878c 0.779d 0.960b 0.020 0.99 

True protein (%)2 8.528b 8.543b 8.823a 8.864a 8.921a 8.785a 0.088 0.93 

Casein (%)2   7.822c 7.704d 8.104a 8.036b 8.177a 7.879c 0.084 0.94 

pH (-) 6.46b 6.48b 6.78a 6.77a   6.75a   6.77a 0.027 0.99 
a-d Means within the same row not followed by the same letter are different (P  <  0.05). 
1 Skim milk, MPC, and MPC+L LF were 91, 137, and 124 kg·m-2·h-1, respectively. 
2 NPN = nonprotein N × 6.38; NCN = noncasein N × 6.38; true protein = crude protein minus 

NPN; casein = crude protein minus NCN. 

 

Table 4. Mean (n = 3) compositions of permeates of skim milk, milk protein concentrate (MPC), 

and MPC with added lactose (MPC+L) produced with a 0.1 µm microfiltration process at 55 

kg·m-2·h-1 or the limiting flux (LF)1 

 Skim, 

55 

Skim, 

LF 

MPC, 

55 

MPC, 

LF 

MPC+L, 

55 

MPC+L, 

LF 

SE R2 

Total solids (%) 6.489a 6.432a 0.860c 0.857c 6.007b 5.982b 0.029 >0.99 

Crude protein (%) 0.717a 0.687a 0.598b 0.604b 0.612b 0.577b 0.016 0.97 

NPN (%)2 0.185a 0.193a 0.027bc 0.032bc 0.022c 0.036b 0.004 >0.99 

True protein (%)2 0.532bc 0.494c 0.571ab 0.572ab 0.590a 0.541b 0.014 0.95 

Calcium (mM) 6.29a 5.79a 1.61b 1.58b   1.62b   1.64b 0.190 >0.99 

pH (-) 6.53b 6.52b 6.88a 6.86a   6.85a   6.84a 0.017 >0.99 
a-d Means within the same row not followed by the same letter are different (P < 0.05). 
1 Skim milk, MPC, and MPC+L LF were 91, 137, and 124 kg·m-2·h-1, respectively. 
2 NPN = nonprotein N × 6.38; true protein = crude protein minus NPN. 

 

Permeate Composition. Skim milk permeate TS were higher (P < 0.05) than MPC+L 

permeate TS and MPC+L permeate TS were higher (P < 0.05) than MPC permeate TS (Table 4). 

These differences were due to variations in lactose, NPN, and soluble minerals and were consistent 

with the differences described for the retentates. Fouling reduced (P < 0.05) TP in the MPC+L 

permeate between the initial flux and LF. Although this trend existed in the skim milk permeates 

between the initial flux and LF, the reduction was not significant (P = 0.10). Differences in 
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permeate NPN among the feeds were consistent with the retentates. However, only NPN in the 

MPC+L permeates increased (P < 0.05) between the initial flux and the LF. Differences (P < 0.05) 

in pH among the permeates of the 3 feeds were consistent with those of the feeds and retentates. 

Calcium 

 The skim milk total Ca concentration (Table 2) was lower than is typically observed (25 to 

35 mM) in skim milk, though concentrations as low as 16.2 mM have been reported (Fox and 

McSweeney, 1998). Despite this observation, the Ca distribution between the micelles and serum 

phase was approximately 2:1, as would be expected in skim milk (Fox and McSweeney, 1998). 

Total and soluble Ca were higher (P < 0.05) in the skim milk than they were in the MPC or MPC+L 

due to removal of soluble Ca from the MPC85 during UF (Table 2). Permeate Ca concentrations 

(Table 4) depended on the feed. The permeates produced using skim milk contained more (P < 

0.05) Ca than permeates produced using MPC or MPC+L.  

The soluble Ca concentrations determined from each of the feeds’ supernatants were higher 

(P < 0.05) than those of their corresponding permeates. Holt et al. (1986) observed a similar 

discrepancy when quantifying soluble inorganic phosphate in both UF permeate and 

ultracentrifugation supernatants. This discrepancy could be the result of one or more of the 

following: the MF membrane rejected a portion of the soluble Ca, small CN micelles that the MF 

membrane would have rejected remained suspended in the feed supernatants and their colloidal 

Ca was calculated as soluble Ca, or the lower separation temperature of the ultracentrifugation 

procedure (40°C, the maximum temperature of the centrifuge) increased Ca solubility relative to 

the 50°C MF procedure causing the supernatants to have a higher concentration of serum Ca than 

the MF permeates. Permeate data from UF trials (Pouliot et al., 1989) suggests that increasing the 

temperature of skim milk from 40°C to 50°C can reduce soluble Ca by about 9%. This would not 
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account for all of the difference between ultracentrifugation and MF observed in the present work, 

as skim milk supernatants contained 22% more Ca than MF permeates collected at 55 kg·m-2·h-1. 

The work by Pouliot et al. (1989) did not determine whether or not this estimate was due to 

membrane fouling, temperature-dependent changes in Ca solubility, or a combination of both. 

Although soluble Ca should pass freely through the membrane, some Ca remains bound to α LA 

(Brew and Grobler, 1992), which could be partially rejected by the membrane. Ultracentrifugation 

supernatants were clear, indicating that the CN micelles had been removed from the suspension. 

Skim, MPC, and MPC+L supernatants contained 22%, 46%, and 43% more Ca than their 

respective MF permeates collected at 55 kg·m-2·h-1, respectively. The variation in these measures 

suggests that Ca solubility may best explain this phenomenon. 

Soluble Proteins 

 The relative amounts of 7 protein fractions were measured in both the ultracentrifugation 

supernatants (Table 5) and MF permeates (Table 6). A typical electropherogram of skim milk, 

MPC, and MPC+L supernatants is shown in Figure 3. Within each feed type, electropherograms 

of the permeates were similar to the supernatants. Skim milk supernatants contained more (P < 

0.05) of each SP (α LA, β LG, BSA, and lactoferrin) and less (P < 0.05) of each CN (αs1 CN, β 

CN, and αs2 CN + κ CN) than MPC or MPC+L supernatants. Caseins accounted for 7.9% of the 

skim milk supernatant proteins (Table 5), less than the 10% estimate provided by Morr (1973) 

after ultracentrifugation at 35 to 40°C.  Skim milk permeate protein was 4.6% CN at the initial 

flux (Table 6), comparable the 5.4% determined by Hurt et al. (2015a) when microfiltering skim 

milk at 50°C. Skim MF permeates collected at 55 kg·m-2·h-1 contained more (P < 0.05) SP and 

less (P < 0.05) CN than either of the other 2 feeds collected at 55 kg·m-2·h-1.  The reduced Ca of 

the MPC and MPC+L likely weakened the CN micelle structure in these feeds and caused the  
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Figure 3. Typical capillary electropherograms of ultracentrifugation (100,000 × g, 60 min, 40°C) 

supernatants of skim milk, milk protein concentrate (MPC), or MPC with added lactose (MPC+L). 
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Table 5. Mean (n = 3) capillary electrophoresis relative peak areas (% of all electropherogram 

area) of supernatants of skim milk, milk protein concentrate (MPC), and MPC with added 

lactose (MPC+L) produced by ultracentrifuging feeds at 100,000 × g for 60 min at 40°C 

 Skim MPC MPC+L             SE     R2 

α LA 21.1a 14.8b            14.8b 0.63     0.98 

β LG 49.4a 37.1b            39.5b 1.28     0.98 

BSA 5.5a 4.4b               4.7ab 0.37     0.84 

Lactoferrin 0.5a 0.3b              0.3b 0.03     0.96 

Total serum proteins1 76.6a 56.5b            59.3b 1.27   >0.99 

αs1 CN 1.0b 6.1a              5.4a 0.40     0.99 

β CN 1.8c 12.7a              9.7b 0.98     0.98 

αs2 CN + κ CN 5.2b 11.2a            11.1a 0.24   >0.99 

Total CN1 7.9b 30.0a            26.2a 1.34   >0.99 
a-c Means within the same row not followed by the same letter are different (P < 0.05). 
1 Total serum proteins = α LA + β LG + BSA + lactoferrin; Total CN = αs1 CN + β CN + αs2 

CN + κ CN 

 

Table 6. Mean (n = 3) capillary electrophoresis relative peak areas (% of all electropherogram 

area) of permeates of skim milk, milk protein concentrate (MPC), and MPC with added lactose 

(MPC+L) produced with a 0.1 µm microfiltration process at 55 kg·m-2·h-1 or the limiting flux 

(LF)1 

 Skim, 

55 

Skim, 

LF 

MPC, 

55 

MPC, 

LF 

MPC+L, 

55 

MPC+L, 

LF 

SE R2 

α LA 22.5ab 24.6a 18.1b  22.0ab   17.5b   21.9ab 1.73 0.88 

β LG  58.5a  57.2ab 48.8b  52.3ab    54.0ab  59.0a 2.63 0.88 

BSA   5.0  4.7  5.2    4.9    5.6   4.4 0.66 0.83 

Lactoferrin   0.6  0.5  0.4    0.5    0.5   0.4 0.15 0.86 

Total serum proteins2  86.6a 87.0a 72.6b  79.7ab    77.5ab  85.7a 3.91 0.89 

αs1 CN    0.7b   0.1b   2.6a    2.0a     2.3a    0.6b 0.30 0.97 

β CN     0.9bc   0.3c   2.5a   1.5abc      2.0ab     0.7bc 0.42 0.92 

αs2 CN + κ CN 3.1bc   0.7c   8.1a  6.2ab    7.5a     3.0bc 1.10 0.95 

Total CN2 4.6bc   1.1c 13.3a  9.7ab  11.7a    4.3c 1.64 0.96 
a-c Means within the same row not followed by the same letter are different (P < 0.05). 
1 Skim milk, MPC, and MPC+L LF were 91, 137, and 124 kg·m-2·h-1, respectively. 
2 Total serum proteins = α LA + β LG + BSA + lactoferrin; Total CN = αs1 CN + β CN + αs2 

CN + κ CN 

 

differences in soluble CN noted above. Holt et al. (1986) observed that CN rapidly dissociated 

from the micelles when serum Ca2+ concentrations were below 1 mM. The rate of individual CN 

migration also differed, with κ CN being the most easily removed, then β CN, then αs1 CN, then 

αs2 CN (Holt et al., 1986). Assuming ionic Ca makes up 23% of the soluble Ca (Walstra et al., 
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2006), Ca2+ concentrations for the skim milk, MPC, and MPC+L would be approximately 1.76 

mM, 0.54 mM, and 0.53 mM, respectively, making the MPC and MPC+L sera favorable 

environments for CN dissociation. In the present study, β CN and αs1 CN exhibited the most 

dependence on serum Ca levels, as these proteins’ relative percentages differed the most between 

the skim milk and MPC in both the supernatants and permeates. Although κ CN and αs2 CN could 

not be decoupled using the electrophoresis method employed, the sum of these proteins constituted 

the largest proportion of CN in the permeates and supernatants for almost every treatment. If κ CN 

made up the majority of this peak, then the present results would be in line with those of Holt et 

al. (1986).  

Casein micelles are held together primarily through hydrophobic and electrostatic 

interactions, the former of which is diminished at lower temperatures and the latter of which is 

diminished upon removal of Ca or phosphate. By removing soluble minerals through UF, the 

hydrophobic interactions become more important at maintaining micelle integrity, so temperature 

should affect CN dissociation to a greater extent. This was best demonstrated by the relative 

increase in β CN between the supernatants and permeates of the skim milk and MPC. The ratios 

of soluble CN in the skim supernatants (collected at 40°C) to those in the skim milk MF permeates 

(collected at 50°C) were 1.49, 2.03, and 1.66 for αs1 CN, β CN, and αs2 + κ CN, respectively. The 

same ratios for the MPC supernatants and permeates were 2.33, 5.05, and 1.38. If smaller micelles 

preferentially remained in the supernatant, the ratio for κ CN should be the highest by virtue of its 

location on the surface of the micelles (Davies and Law, 1983). On the contrary, β CN (the most 

hydrophobic and therefore the most temperature dependent) had the highest ratio and increased 

the most when Ca was removed from the feed (i.e., between MPC and skim), indicating that the 

discrepancy is likely a temperature effect rather than one driven by unsedimented micelles. 



40 
 

Consequently, if the MF process were conducted at a lower temperature (i.e., 40°C), it could be 

expected that the permeate would contain more soluble CN. 

Apparent Viscosities of Feeds, Retentates, and Permeates 

The viscosity of the MPC was lower (P < 0.05) than the viscosities of the skim milk and 

MPC+L (Table 7) due to the lower lactose concentration of the MPC (Table 2). No differences in 

the viscosities of the skim milk and MPC+L were detected (P > 0.05) and both were similar to the 

viscosity of skim milk reported by Fernandez-Martin (1972). No difference in the viscosities of 

the skim milk retentate and MPC retentate was detected (P > 0.05), but both were lower than the 

viscosity of MPC+L retentate (Table 7). These differences were driven by the higher protein 

concentrations in the MPC and MPC+L retentates relative to skim milk retentate and the higher 

lactose concentrations of the skim milk and MPC+L retentates relative to MPC retentate. No 

difference in the viscosities of the skim milk permeate and MPC+L permeate were detected (P > 

0.05), but both were higher than (P < 0.05) the MPC permeate viscosity (Table 7). These 

differences were caused by variations in lactose concentrations. Tang et al. (1993) determined that 

whey protein solutions’ viscosity temperature dependence was well described by the Arrhenius 

equation at temperatures between 5 and 60°C when TS were <30%. Morison and Mackay (2001) 

determined that the Arrhenius equation adequately described lactose solution viscosity 

temperature sensitivity in the range of 10 to 50°C. Arrhenius estimates of MF permeate viscosities 

in the present study were compared to results from the predictive equations for viscosity described 

by Morison and Mackay (2001) which took into account anhydrous lactose concentration and 

temperature. All estimates in the present study were approximately 5% higher than those predicted 

by Morison and Mackay (2001). These differences could be the result of the additional SP in MF 

permeate that were not present in the lactose solutions used to construct the predictive equations. 
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The viscosity of skim MF permeate measured by Piry et al. (2012) at 55°C was 0.570 mPa·s and 

equivalent to that predicted by the equations of Morison and Mackay (2001). The viscosity of 

deionized water at 50°C was also estimated using the method described in the present work. The 

estimated value for water at 50°C was 0.560 mPa·s, 2.4% higher than the published value of 0.547 

mPa·s (Weast et al., 1988).  

Table 7. Mean (n = 3 for feed and permeates; n = 15 for retentates) apparent viscosities (mPa·s, 

50°C, 73 s-1) of feeds, retentates, and permeates produced by microfiltering skim milk, milk 

protein concentrate (MPC), and MPC with added lactose (MPC+L) using 0.1 µm graded 

permeability membranes 

 Skim MPC MPC+L SE R2 

Feed 0.92a 0.82b 0.93a 0.009 0.99 

Retentate 1.68b 1.59b 1.83a 0.048 0.87 

Permeate 0.65a 0.58b 0.66a 0.011 0.96 
a-b Means within the same row not followed by the same letter are different (P < 0.05). 

 

MF Processing Data 

Mean temperature and CF among all treatments were 50°C and 2.94×, respectively, and no 

differences were detected among feed treatments or fluxes (P > 0.05).  

Pressures. The GP membranes used in this study are equipped with a permeability gradient along 

the outside length of the membrane which decreases in resistance from inlet to outlet (Zulewska 

et al., 2009). This design promotes even permeation along the membrane length and reduces 

fouling (Garcera et al., 2002). To optimize these benefits, the manufacturer of the GP membranes 

recommends that they be operated at a ΔP that is between 200 and 220 kPa (Jacques Guibaud, Pall 

Corp. Food & Beverage, Bazet, France, personal communication). In this study, ∆P was held 

constant at 220 kPa and no changes were noted among feeds or fluxes (P > 0.05) (Table 8).  

Because the feed pump used in the MF system was not equipped with a variable frequency drive, 

PRo was fixed and dependent on the feed viscosity. Therefore, ∆P had to be controlled by changing 

PRi with the retentate recirculation pump. The MPC treatment’s PRi and PRo were lower (P < 0.05) 



42 
 

than the skim and MPC+L treatments’ (Table 8) as a result of the lower (P < 0.05) viscosity of the 

MPC feed (Table 7). No change in either PRi or PRo with flux was detected (P > 0.05) within any 

of the feed treatments (Table 8). Regardless of feed treatment, PPi decreased (P < 0.05) and TMPi 

increased (P < 0.05) as backpressure on the permeate side was reduced to increase flux and fouling 

progressed (Table 8). At the LF, the skim and MPC+L treatments had similar TMP (P > 0.05), but 

TMP at the MPC LF was lower (P < 0.05) (Table 8). These differences were likely not important, 

as attempting to increase the flux of the MPC treatment from 137 to 140 kg·m-2·h-1 resulted in a 

simultaneous decrease in flux and a dramatic increase in TMP (Figure 4). Because PPo was 

calculated based on PPi, PPo and TMPo changed to the same extent as PPi and TMPi, respectively 

(Table 8). In all treatments, the response of flux to TMP became heavily nonlinear as TMPavg 

approached 150 kPa (Figure 4). This estimate of TMPavg was consistent with the work done by 

Hurt et al. (2015b) when determining the LF of MPC retentates at different protein concentrations. 

Consequently, 150 kPa could serve as a maximum TMPavg guideline for manufacturers with GP 

membranes to use in order to control membrane fouling. 

Table 8. Mean (n = 3) gauge pressures1 (kPa) at 55 kg·m-2·h-1 and limiting fluxes (LF)2 when 

microfiltering skim milk, milk protein concentrate (MPC), or MPC with added lactose (MPC+L) 

using 0.1 µm graded permeability membranes 

 PRi PRo ΔP PPi PPo TMPi TMPo TMPavg 

Skim, 55  450a 230a 220 257a 271a 208c  -39c   85c 

Skim, LF 450a 230a 220   52c   66c 413a 166a 290a 

MPC, 55 446b 226b 220 270a 284a 192c  -56c   68c 

MPC, LF 446b 226b 220 180b 193b 283b   35b 159b 

MPC+L, 55 450a 230a 220 270a 284a 195c  -52c   71c 

MPC+L, LF 450a 230a 220 104c 118c 366a 119a 242a 

SE 0.12 <0.01 0.12 17.42 17.42 20.53 20.64 20.58 

R2  >0.99 >0.99 0.65   0.99   0.99   0.98   0.98   0.98 
a-c Means within the same column not followed by the same letter are different (P < 0.05). 

1 PRi = inlet retentate pressure; PRo = outlet retentate pressure; ΔP = PRi – PRo; PPi = inlet permeate 

pressure; Ppo = outlet permeate pressure; TMPi = transmembrane pressure at the inlet; TMPo = 

transmembrane pressure at the outlet; TMPavg = (TMPi + TMPo)/2  
2 Skim milk, MPC, and MPC+L LF were 91, 137, and 124 kg·m-2·h-1, respectively. 
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Figure 4. Mean (n = 3) mass flux as a function of average transmembrane pressure (TMPavg) when 

microfiltering either skim milk, milk protein concentrate (MPC), or MPC with added lactose 

(MPC+L). Temperature = 50°C; pressure drop across membrane length = 220 kPa. Error bars 

represent ± 1 standard deviation. Points of limiting fluxes are noted as “LF.” 
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If pressure on the permeate side of the membrane exceeds pressure on the retentate side of 

the membrane, reverse or Starling flow will occur (Zulewska et al., 2009). This condition is 

detrimental to the membrane process because it results in permeate flowing back into the retentate, 

thereby reducing the effective membrane surface area available to separate the feed. Starling flow 

was observed at the membrane outlets for all feed materials at 55 kg·m-2·h-1, as evidenced by 

negative TMPo (Table 8). Starling flow was reduced by increasing flux (reducing backpressure on 

the permeate side of the membrane) and TMPo became positive for the skim, MPC, and MPC+L 

treatments at 75, 115, and 100 kg·m-2·h-1, respectively (Figure 5). These values could serve as 

useful minimum fluxes that would ensure the entire length of the membrane is being used. 

 Resistance Calculations. The clean membrane resistance (2.83 × 1012 ± 0.008 × 1012 m-1) 

determined at the start of each run with only the feed pump running and the permeate valve fully 

opened remained constant (P > 0.05) throughout the study. This indicated that the membrane was 

cleaned sufficiently between processing trials and that the clean membrane resistance was the same 

among treatments. Despite its usefulness as a tool to confirm that the membrane had been cleaned, 

it was discovered that this value did not give an accurate representation of the resistance due to the 

clean membrane during processing. For example, if the retentate recirculation pump was turned 

on in addition to the feed pump when processing 50°C RO water, the calculated resistance of the 

clean membrane was 6.88 × 1012 m-1 at 55 kg·m-2·h-1 and decreased logarithmically (R2 > 0.99) as 

the flux was increased to 380 kg·m-2·h-1. Though this value was affected by the flux and not the 

status of the retentate recirculation pump (on or off), the resistances due to the clean membrane 

were calculated based on values determined at each flux while the retentate recirculation pump 

and feed pump were on while processing 50°C RO water. 

 



45 
 

 

 

 

 

 

Figure 5. Mean (n = 3) transmembrane pressure at the outlet end of the membrane (TMPo) as a 

function of mass flux when microfiltering either skim milk, milk protein concentrate (MPC), or 

MPC with added lactose (MPC+L). Error bars represent ± 1 standard deviation.  
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 The fouling ratios determined for all 3 feeds (Figure 6) were not different (P > 0.05) from 

one another at 55 kg·m-2·h-1. At the LF, however, the skim milk fouling ratio was higher (P < 0.05) 

than both the MPC and MPC+L fouling ratios, which were not different (P > 0.05) themselves. 

Only the MPC fouling ratio did not change (P > 0.05) from the initial flux to the LF. While 

microfiltering 55°C skim milk using 0.1 μm zirconia membranes of 4 different resistances, Piry et 

al. (2012) determined that pressure independent fouling proceeded rapidly at fouling ratios above 

1.33, regardless of which of the 4 membranes were used. The present study’s findings were in 

agreement with this value, as the fouling ratios determined at the LF were 2.30 for skim milk, 0.58 

for MPC and 1.36 for MPC+L. It should also be noted that skim milk TMP began to increase 

rapidly as flux was increased to 85 kg·m-2·h-1. At this point, the skim milk fouling ratio was 1.08, 

slightly below that of the 1.33 observed by Piry et al. (2012). Also, the further increase in MPC 

TMP above its LF produced a fouling ratio of 1.67, above the value reported by Piry et al. (2012). 

An electrical outage occurred during one of the MPC experimental runs (data from that run were 

not used in this study’s analysis and the run was repeated). This caused the MF system’s pumps to 

shut down for approximately 30 s. When the system was restarted, TMP and flux were restored to 

pre-outage values within 15 min, but permeate TP was permanently reduced by 33%. Taken with 

Equation 2.1, this implies that although SP passage may decline as membrane resistance increases, 

the converse is not necessarily true. Only a moderate correlation (R2 = 0.59) between the SP 

removal factors and the fouling ratios was observed, indicating that resistance calculations may 

not be the most useful measures for comparing mass transfer data. This experience demonstrated 

the importance of maintaining a high cross-flow velocity in the retentate recirculation loop 

throughout the processing run.  
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Figure 6. Mean (n = 3) fouling ratios (resistance due to the concentration polarization gel layer 

and fouling divided by resistance of the clean membrane) as a function of mass flux when 

microfiltering either skim milk, milk protein concentrate (MPC), or MPC with added lactose 

(MPC+L). Error bars represent ± 1 standard deviation. 
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Hydrodynamic Conditions. Because retentate viscosities and densities of the skim milk 

and MPC+L treatments were higher than those of the MPC treatment (MPC retentate = 1019 kg·m-

3, skim and MPC+L retentates = 1040 kg·m-3 at 50°C) and ΔP was maintained at 220 kPa, cross-

flow velocities of the skim milk and MPC+L treatments were lower (P < 0.05) than those of the 

MPC treatment (Table 9). All Reynolds numbers indicated turbulent flow (Re > 4,000), but 

differences in retentate viscosities resulted in MPC flow being more turbulent (P < 0.05) than skim 

milk flow and skim milk flow being more turbulent (P < 0.05) than MPC+L flow (Table 9).  

 

Table 9. Mean (n = 3) retentate cross-flow parameters at 55 kg·m-2·h-1 and limiting fluxes (LF)1 

when microfiltering skim milk, milk protein concentrate (MPC), or MPC with added lactose 

(MPC+L) using 0.1 µm graded permeability membranes 

 Retentate 

recirculation rate  

(L·min-1) 

Retentate  

cross-flow velocity  

(m·s-1) 

Retentate 

Reynolds number  

(-) 

Skim, 55  742b               7.40b 18,800b 

Skim, LF 740c               7.38c 18,400b 

MPC, 55 758a               7.55a 19,700a 

MPC, LF 759a               7.56a 19,600a 

MPC+L, 55  742bc               7.40bc 16,600c 

MPC+L, LF 742b               7.40b 17,300c 

SE                   0.58               0.01    390 

R2                 >0.99             >0.99             0.96 
a-c Means within the same column not followed by the same letter are different (P < 0.05). 
1 Skim milk, MPC, and MPC+L LF were 91, 137, and 124 kg·m-2·h-1, respectively. 

 

Limiting Fluxes. The maximum fluxes obtainable by increasing TMP were identified for 

each feed treatment as the LF. The LF for skim milk (91 kg·m-2·h-1) was lower (P < 0.05) than that 

of MPC+L (124 kg·m-2·h-1) which was lower (P < 0.05) than that of MPC (137 kg·m-2·h-1) (Figure 

4). The difference in LF between the skim milk and MPC+L treatments was due to differences in 

all non-lactose soluble components and was associated with differences in soluble Ca. The 

difference in LF between the MPC and MPC+L treatments was solely due to the difference in 
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lactose concentrations. Because the MPC and MPC+L retentates contained more protein than the 

skim retentate, the absolute differences in LF between MPC and skim milk or MPC+L and skim 

milk cannot be attributed solely to the differences in lactose and soluble mineral contents. 

However, in our experience (Hurt et al., 2015b) the small differences in protein observed among 

retentates in this study (< 0.4%), although statistically significant, likely made little practical 

difference in the LF results. Despite the MPC+L retentate having a higher viscosity and higher 

protein concentration than skim milk retentate, MPC+L LF was 36% higher than the skim LF. As 

a consequence of its reduced soluble mineral content, the ionic strength of MPC+L is lower than 

that of skim milk. At lower ionic strength, steric repulsions between CN micelles are enhanced 

due to a reduction in charge shielding of micelle surfaces. This increase in repulsive forces would 

make it more difficult for CN micelles to accumulate with one another near the surface of the 

membrane and cause fouling (Jimenez-Lopez et al., 2008). Further, the reduction in soluble Ca 

observed in the MPC+L relative to skim milk would be expected reduce electrostatic salt bridging 

between divalent Ca and the caseins’ negatively charged carboxyl groups.  

Beliciu and Moraru (2009) observed a 40% increase in average CN micelle diameter when 

50°C water was used to disperse the micelles instead of 50°C UF permeate of skim milk. In 

addition, they observed a time-dependent decrease in their particle size analyzer’s signal intensity 

when skim milk was measured in water. This decrease in signal intensity was not observed when 

the skim milk was measured in UF permeate and the authors concluded that dilution with water 

must have caused some micellar dissociation. No particle size analyses were performed in the 

present work. However, it is reasonable to deduce that larger CN micelles would produce a more 

open foulant layer than smaller CN micelles. Particles smaller than the membrane pore size are 

known to contribute to depth fouling, those of about the same size can block pores, and those that 
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are much larger than the membrane pores contribute to cake layer formation (Tan et al., 2014). If 

the micelle diameter were indeed increased, the mechanism for fouling may have shifted away 

from pore constriction and toward cake layer formation, the latter of which may also be less dense 

in a reduced-Ca environment. Each of these factors could contribute to the higher LF observed 

when microfiltering MPC and MPC+L. 

Using tubular polyethersulfone membranes, Rao et al. (1994) observed a 24% decrease in 

UF flux at 25°C when a 4.5% lactose solution was processed instead of pure water. This decrease 

was attributed both to the added Ca contributed by the lactose powder and the 21% increase in 

viscosity caused by the addition of lactose. In the present study, the addition of lactose to MPC did 

not change the Ca concentration (Table 2), but it increased the retentate viscosity by 15% (Table 

7) and decreased the limiting flux by 9% (Table 1). Reynolds numbers have been shown to linearly 

impact LF in ceramic MF of skim milk (Samuelsson et al., 1997a; Samuelsson et al., 1997b). The 

difference between the MPC and MPC+L Reynolds numbers at the LF (MPC was 13% higher, 

Table 9) was comparable to the increase in the LF (MPC was 10.5% higher, Table 1). Because the 

relative difference in LF between MPC and MPC+L caused by lactose addition was less than 

relative differences in viscosity and Reynolds number caused by lactose addition, lactose is not 

presently thought to be an important ceramic MF membrane foulant. The effect of lactose on LF 

is considered to be due exclusively to its effect on viscosity. 

SP Removal 

The SP removal factor describes the ease by which SP passes through the membrane; a 

factor of 1 indicates that no SP is rejected. No differences in SP removal factor were detected (P 

> 0.05) among feeds at the initial flux. Mean SP removal factors for skim, MPC, and MPC+L at 

the initial flux were 0.91, 0.96, and 0.97, respectively. As skim and MPC+L fluxes were increased 
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from 55 kg·m-2·h-1 to the LF, SP removal factors decreased (P = 0.08, 0.03, respectively) due to 

fouling (Figure 7). The MPC SP removal factor did not change (P > 0.10) between 55 kg·m-2·h-1 

and the LF (Figure 7). However, further increases in TMP beyond the MPC LF would be expected 

to enhance fouling and reduce SP passage, as was evidenced by the decline in flux between 150 

and 250 kPa (Figure 4). Serum protein removal factors depicted in Figure 7 appear to indicate that 

the MPC and MPC+L treatments passed more SP than the skim milk treatment. However, it should 

be reiterated that only TP (not SP) was determined by Kjeldahl for permeates and the MPC and 

MPC+L permeates contained more soluble CN than the skim milk permeate. The present study’s 

assumption that all permeate TP was SP was based on previous MF work (Hurt et al., 2010; Hurt 

et al., 2015a) in which CN only accounted for between 3% and 5% of the permeate TP. However, 

because the MF studies on which this assumption was based only involved skim milk (not MPC), 

this assumption is invalid for the present study. When SP removal factors were corrected for 

soluble CN in the permeates using SDS-PAGE data (Table 6) (i.e., permeate SP = permeate TP × 

(100 – CN) / 100), SP removal factors were similar (0.87) for all feeds below the LF (data not 

shown). This indicates that below the LF, Ca does not cause a reduction in SP passage when using 

ceramic MF membranes under the conditions studied. 

 Manufacturers wishing to maximize processing efficiency should operate at as high of a 

flux as is maintainable without affecting separation efficiency. No differences in SP removal factor 

were observed between the initial and penultimate flux steps (P > 0.05). Our experience (Hurt et 

al., 2015b) with the GP membranes has demonstrated that it is best to operate at a TMPavg below 

150 kPa (at approximately 85% of the LF) to reduce the likelihood of rapid fouling.  
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Figure 7. Mean (n = 3) serum protein (SP) removal factors (TP in permeate divided by SP in the 

permeate portion of the feed) as a function of mass flux when microfiltering either skim milk, milk 

protein concentrate (MPC), or MPC with added lactose (MPC+L). Error bars represent ± 1 

standard deviation.  
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CONCLUSIONS 

 Skim milk, MPC, and MPC+L were each microfiltered at 50°C using 0.1 μm GP ceramic 

MF membranes and flux was increased from 55 kg·m-2·h-1 to the LF. The LF of the skim, MPC, 

and MPC+L were 91, 137, and 124 kg·m-2·h-1, respectively, at an average retentate protein 

concentration of 8.77%. The difference in LF between skim milk and MPC+L was associated with 

a reduction in soluble Ca. The difference in LF between the MPC and MPC+L was due to the 

higher viscosity contributed by lactose, but lactose was not thought to contribute to the foulant 

layer. No differences in SP rejection were detected among the 3 feeds below the LF. However, 

less SP passed through the membrane as fluxes approached the LF. Feeding the MF with MPC 

instead of skim milk produced a higher LF and a permeate with more TP due to an increase in 

soluble CN caused by micelle dissociation. 
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CHAPTER THREE: EFFECT OF CERAMIC MEMBRANE CHANNEL GEOMETRY 

AND UNIFORM TRANSMEMBRANE PRESSURE ON LIMITING FLUX AND SERUM 

PROTEIN REMOVAL DURING SKIM MILK MICROFILTRATION 

ABSTRACT 

Our objectives were to determine the effects of a ceramic microfiltration (MF) membrane’s 

retentate flow channel geometry (round or diamond-shaped) and uniform transmembrane pressure 

(UTP) on limiting flux (LF) and serum protein (SP) removal during skim milk MF at a temperature 

of 50°C, a retentate protein concentration of 8.5%, and an average cross-flow velocity of 7 m·s-1. 

Performance of membranes with round and diamond flow channels was compared in UTP mode. 

Performance of the membrane with round flow channels was compared with and without UTP. 

Using UTP with round flow channel MF membranes increased the LF by 5% when compared to 

not using UTP, but SP removal was not affected by the use of UTP. Using membranes with round 

channels instead of diamond-shaped channels in UTP mode increased the LF by 24%. This 

increase was associated with a 25% increase in Reynolds number and can be explained by lower 

shear at the vertices of the diamond-shaped channel’s surface. The SP removal factor of the 

diamond channel system was higher than the SP removal factor of the round channel system below 

the LF. However, the diamond channel system passed more casein into the MF permeate than the 

round channel system. Because only one batch of each membrane was tested in our study, it was 

not possible to determine if the differences in protein rejection between channel geometries were 

due to the membrane design or random manufacturing variation. Despite the lower LF of the 

diamond channel system, the 47% increase in compactness (membrane area per unit volume of 

membrane) of the diamond channel system produced a modular permeate removal rate that was at 

least 19% higher than the round channel system. Consequently, using diamond channel 
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membranes instead of round channel membranes could reduce some of the costs associated with 

ceramic MF of skim milk if fewer membrane modules could be used to attain the required 

membrane area. 

INTRODUCTION 

 Microfiltration (MF) is a pressure-driven membrane process that can be used to separate 

milk serum proteins (SP) from CN micelles in skim milk. The membranes used in MF can be 

manufactured in a variety of different geometries from numerous materials (Zulewska et al., 2009). 

Ceramic MF membranes foul less easily and can remove a higher percentage of skim milk’s SP 

than polymeric membranes (Zulewska et al., 2009). Consequently, using ceramic membranes for 

SP removal reduces the amount of diafiltration necessary to meet a certain SP removal target (Hurt 

and Barbano, 2010) and reduces the water required to produce high-purity micellar CN 

concentrates and serum protein concentrates. However, a barrier to the use of ceramic MF 

membranes has been their high costs relative to polymeric membranes (Cheryan, 1998). Part of 

the cost difference may be reduced in the long run by the longer lifetimes, more effective cleaning 

and sanitation, and higher permeate fluxes of ceramic membranes. When microfiltering skim milk 

at a 3 × concentration factor (CF), the flux of a ceramic membrane is about 5 × that of a polymeric 

membrane (75 vs 15 kg·m-2·h-1) (Zulewska et al., 2009). The higher flux of a ceramic system can 

be attributed to the increase in shear rate and shear stress near the surface of the membrane (Gesan-

Guiziou et al., 1999) caused by higher cross-flow velocities in the retentate recirculation loop. 

Increased shear will increase back-diffusion of CN micelles from the surface of the membrane, 

thereby reducing fouling and promoting SP passage (Belfort et al., 1994; Gesan-Guiziou et al., 

1999). Flux in a given ceramic system is a function of the skim milk’s soluble calcium 

concentration (Adams et al., 2015), the retentate viscosity, and the average cross-flow velocity in 



61 
 

the retentate recirculation loop (Hurt et al., 2015a). The maximum flux achievable by increasing 

transmembrane pressure (TMP) is known as the limiting flux (LF) (Bacchin et al., 2006). 

Optimization of skim processing conditions resulting in increased LF will increase throughput and 

reduce the costs of the MF process. Adams et al. (2015) demonstrated this by removing soluble 

calcium from the skim milk MF feed, thereby increasing the LF by 41%.   

One way to reduce the costs of ceramic membranes from a design perspective would be to 

increase membrane compactness, or the membrane surface area per unit volume of membrane. 

Ceramic membranes are housed in stainless steel modules. Cross-flow filtration ceramic modules 

account for between 10 and 50% of a ceramic MF system's costs. Large systems (> 1,000 m2) are 

on the high end of this range and small systems (< 50 m2) are on the low end (Jacques Guibaud, 

Pall Corp. Food & Beverage, Bazet, France, personal communication). Between 1 and 4 of these 

membrane modules can be placed in a single recirculation loop. By increasing membrane 

compactness, fewer modules and recirculation pumps could potentially be used in a system of a 

given processing capacity, thereby reducing fixed and some variable costs. Round retentate flow 

channels are typically used in tubular ceramic membranes, but the round shape is not the most 

compact geometry available. Diamond-shaped retentate flow channels are available which provide 

47% more surface area than round retentate flow channels of the same equivalent diameter. Adams 

and Barbano (2013) evaluated Isoflux ceramic membranes with noncircular channels and 

determined that they removed less SP than other ceramic membranes with round flow channels. 

However, the effect of channel geometry on SP removal could not be established by Adams and 

Barbano (2013) because the Isoflux membranes also had a different selective layer structure than 

the round flow channel membranes they were compared with, which may have increased SP 

rejection independent of the difference in flow channel geometry. No other studies have been 
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reported that have determined the effect of noncircular channel geometries on tubular ceramic 

membrane LF with dairy fluids.  Chiu et al. (2005) microfiltered wastewater using MF membranes 

with star-shaped retentate flow channels and suggested that the high critical flux observed relative 

to other studies which used round channels may have resulted from flow instabilities caused by 

the noncircular design of the star-shaped channels. However, the Chiu et al. (2005) experimental 

design did not include a round channel control and, unlike the other studies which were used for 

comparison, the feed used in the star-shaped channel study was clarified prior to filtration. These 

discrepancies make it difficult to compare data between the round and star-shaped membrane 

channels among studies. Therefore, more data is required to make accurate conclusions on the 

effect of channel geometry on LF. 

 Uniform transmembrane pressure (UTP) involves recirculating permeate co-currently with 

the retentate to match the pressure drop on the retentate side of the membrane (∆P) and produce 

even permeation along the length of the membrane (Sandblom, 1978). Even permeation is 

purported to reduce fouling at the inlet of the membrane and has been used successfully to remove 

SP and bacteria from skim milk (Elwell and Barbano, 2006; Hurt et al., 2010). Pafylias et al. (1996) 

compared ceramic MF systems with and without UTP and observed over a 100% increase in flux 

(875 vs. 410 L·m-2·h-1) at 50°C when UTP was used to microfilter 1% fat milk with 1.4 μm 

Membralox membranes. Under the same conditions, skim milk flux was initially higher with UTP, 

but rapidly fell to the same flux (400 L·m-2·h-1) as the operation without UTP (Pafylias et al., 

1996). Pafylias et al. (1996) concluded that foaming in skim milk may have led to fouling by air 

bubbles at membrane surface, though this was not verified. Vadi and Rizvi (2001) found no 

improvement in flux as a result of using UTP with 0.2 μm ceramic membranes to MF skim milk 

below a 4 × CF at 50°C. However, they did not assess the impact of UTP on SP removal. Another 
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way to reduce the costs associated with some ceramic MF systems would be to eliminate the fixed 

and variable costs associated with the permeate recirculation pump in UTP systems. However, it 

is unknown if this would reduce SP passage in a skim milk MF process. 

Our objectives were to determine the effects of ceramic membrane channel geometry and 

UTP on LF and SP removal during MF of skim milk at a temperature of 50°C, a retentate protein 

concentration of 8.5%, and an average cross-flow velocity of 7 m·s-1. Principles of fluid dynamics 

were used to explain our results. 

MATERIALS AND METHODS 

Experimental Design 

 A completely randomized split block design was employed in which the membrane type 

or use of UTP was the whole plot factor, flux was the sub plot factor, and replicate was the blocking 

factor. The experiment was replicated 3 times in different weeks with 3 different batches of 

pasteurized skim milk. Each replicate took place over 4 days within a week. On the first day, raw 

skim milk (1,100 kg) was procured from the Cornell University Dairy Plant and pasteurized using 

a plate heat exchanger equipped with 3 sections: regeneration, heating, and cooling (Model 080-

S, AGC Engineering, Manassas, VA). Pasteurization temperature and holding time were 72ºC for 

16 s to minimize heat denaturation of SP. The milk was cooled to 4ºC and stored at ≤ 6ºC in a 

1,136 L tote (Metano IBC Services, Inc., Perrineville, NJ) until MF processing. The second, third, 

and fourth days were used to MF skim milk using the following 3 combinations of membrane 

conditions: round flow channel membranes without UTP, round flow channel membranes with 

UTP, and diamond flow channel membranes with UTP. 
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Microfiltration Operation 

On the evening before processing, the pilot-scale MF system (Tetra Alcross M7, TetraPak 

Filtration Systems, Aarhus, Denmark) was cleaned as described by Hurt et al., (2010). Briefly, the 

nitric acid storage solution (0.55% v / v) was flushed out of the system using 25°C reverse osmosis 

(RO) water until the flush water was neutral (15 min). The MF system was gradually heated (< 

10°C / min) to 80°C using 85°C RO water, Ultrasil 25 (Ecolab Inc., St. Paul, MN) was added to 

the system (1.95% v / v), and the Ultrasil caustic solution was recirculated for 30 min with the feed 

and retentate recirculation pumps on. After cleaning, the system was gradually cooled (< 10°C / 

min) to 50°C and the caustic solution was flushed out of the system using 25°C RO water until the 

flush water was neutral (15 min). 

The system was equipped with either Membralox ceramic membranes with round flow 

channels (EP3740, Pall Corp., East Hills, NY) or Membralox ceramic membranes with diamond-

shaped flow channels (EP4840, Pall Corp.). Both membranes were made of zirconia and composed 

of a selective layer (100 nm nominal pore size), an intermediate layer (0.8 μm nominal pore size), 

and a support structure (12 μm nominal pore size). For each membrane type, the system’s stainless 

steel membrane module housed 3 membrane elements. The round channel membranes contained 

37 retentate flow channels per element that were 4 mm in diameter and 1.02 m in length for a total 

module membrane surface area of 1.41 m2. The diamond channel membranes contained 48 

retentate flow channels per element that were 4 mm in equivalent diameter and 1.02 m in length 

for a total module membrane surface area of 2.07 m2. Relevant measurements for both membranes 

are shown in Figure 8. 

The MF system was identical to the one described by Hurt et al. (2010), with the following 

exceptions: the membrane modules described above were used, a digital magnetic mass flow meter 



65 
 

 

 

 

Figure 8. Cross sectional views of 4 mm equivalent diameter diamond channel and 4 mm diameter round channel membrane elements 

with relevant measurements. 
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(model AM204DH, Yokogawa Electronic Corp., Tokyo, Japan) was used to measure the retentate 

removal rate, polypropylene beads (Borealis granulates, Pall Corp.) were used to fill the permeate 

side of the membrane module, and screened gaskets (40MPUS15, Twinco, Inc., West Falls, NY) 

were used to retain the beads within the module. The retentate flow meter was added to improve 

control of the retentate flow rate, and consequently, the CF. The additions of the beads and gaskets 

were made so that an adequate pressure drop on the permeate side of the membrane could be 

achieved so that the MF system could be operated in UTP mode. 

Pressure gauges were mounted on the system to monitor retentate pressure at the membrane 

inlet (PRi), retentate pressure at the membrane outlet (PRo), permeate pressure at the membrane 

inlet (PPi), and permeate pressure at the membrane outlet (PPo). On the morning of processing, the 

MF system was flushed with 50°C RO water to heat the system and remove the storage acid. A 

clean membrane water flux was measured using 50°C RO water and pressure gauges were 

corrected to account for their vertical heights so that accurate TMP at the inlet and outlet and 

average TMP (TMPi, TMPo, and TMPavg, respectively) could be calculated (Hurt et al., 2010). 

Initial MF processing conditions were then set on RO water. To do this, the retentate recirculation 

pump was turned on and controlled using a variable frequency drive (MC Series, Model M12100C, 

Lenze AC Tech, Uxbridge, MA) to achieve an average cross-flow velocity of 7 m·s-1. The 

permeate valve was then opened to achieve a flux of 45 kg·m-2·h-1 and the retentate valve was 

opened to achieve a CF of 2.98 ×.  

The round and diamond-shaped channel membranes were each operated in UTP mode. The 

only difference between operation with and without UTP was the use of a permeate recirculation 

pump. In UTP mode, the permeate recirculation pump was turned on when the retentate 

recirculation pump was turned on. A diaphragm valve in the permeate recirculation loop was 
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opened or closed to maintain the difference between TMPi and TMPo (∆TMP) at 25 ± 3 kPa. The 

round channel membranes were also operated without UTP. When UTP was not used, the permeate 

pump remained off, the permeate recirculation loop was removed from the system, and a pressure 

gauge was placed on the permeate outlet port. The beads which were used to fill the dead volume 

of the module remained in the module when UTP was not used. The presence of these beads did 

not affect pressure gauge measurements when the permeate recirculation pump was not in use. 

Once processing conditions were set with water running in the system, the skim milk was 

heated to 50°C by pumping through a plate heat exchanger (Model 080-S, AGC Engineering) at 

60°C. A prefilter was placed in-line and downstream of the heat exchanger that was used to warm 

the skim milk as a precautionary measure to remove any possible particles in the milk that could 

damage the selective layer surface within the ceramic membranes. The prefilter consisted of a filter 

housing (Nexis, 30 cm length, Pall Corp.) and a 10 μm, polypropylene filter (Nexis T 10-30U-

M7S, Pall Corp.). Skim milk was pumped directly from the prefilter into a 379 L jacketed vat and 

the prefilter was discarded after each use. The skim milk was held in the vat at 50°C for 15 min 

before the MF feed source was switched from 50°C RO water to 50°C skim milk (360 kg) and the 

RO water was flushed out of the system. Permeate and retentate were collected into standard 

stainless steel 38 L milk cans, weighed, and then discarded while flushing. In total, 195 kg of 

permeate, retentate, and RO water was collected to bring the protein concentration in the retentate 

recirculation loop to the target 8.5%, as determined by mid infrared (MIR). Performance of MIR 

at skim MF retentate protein determination is further described in Appendix A2. Once the water 

had been flushed from the system, the retentate and permeate were recycled back to the feed vat 

and the remainder of the experiment was conducted in total recycle. While in recycle mode, a flux-

stepping method similar to the ones described by Samuelsson et al. (1997) and Bacchin et al. 
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(2006) was employed to determine the LF. After the system was in total recycle, it was operated 

at a flux of 45 kg·m-2·h-1 for 1 h. Flux was then increased by 10 to 20 kg·m-2·h-1 each hour until a 

LF was reached.  

During the flux-stepping procedure, permeate mass flux and CF were measured every 15 

min by collecting retentate and permeate from the system into 2 tared 19 L buckets. After 2 min 

of collection, the buckets were weighed to the nearest g using a balance (Model MS32000L, 

Mettler Toledo, Bedford, MA) and the CF was calculated. Samples of permeate and retentate were 

collected and analyzed by MIR to monitor the composition every 15 min. After 45 min at each 

flux, the retentate and permeate were collected continuously for 15 min into separate milk cans 

and samples for analytical testing were collected from each can. The permeate and retentate that 

remained after sampling were added back to the feed vat and the flux was increased. A LF was 

reached when flux could no longer be increased by increasing TMP. At this point, a fouled water 

flux was determined with 50°C RO water and the MF system was cleaned as described by Hurt et 

al. (2010). 

Analytical Testing 

Proximate Analyses. Skim milk samples were collected prior to processing. Retentate and 

permeate  samples were collected during processing and analyzed using a calibration for milk to 

rapidly estimate fat, anhydrous lactose, and true protein (TP) using MIR (Kaylegian et al., 2006). 

The MIR analysis was done to confirm that the retentate protein concentration remained near 8.5% 

during processing and to detect changes in SP passage in the permeate during a processing run. 

Skim milk total solids (TS), fat, total nitrogen (TN), nonprotein nitrogen (NPN), and noncasein 

nitrogen (NCN) were determined using forced air oven drying (AOAC, 2000; method 990.20; 

33.2.44), ether extraction (AOAC, 2000; method 989.05; 33.2.26), Kjeldahl (AOAC, 2000; 
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method 991.20; 33.2.11), Kjeldahl (AOAC, 2000; method 991.21; 33.2.12), and Kjeldahl (AOAC, 

2000; method 998.05; 33.2.64), respectively. Skim milk NCN preparation was modified by 

increasing the amounts of sodium acetate (1 N) and acetic acid (10% v/v) from 1 mL each to 5.5 

mL each to fully precipitate CN (Wojciechowski and Barbano, 2012). Crude protein (CP) was 

calculated by multiplying TN by 6.38, TP was calculated by subtracting NPN from TN and 

multiplying by 6.38, CN was calculated by subtracting NCN from TN and multiplying by 6.38, 

and SP content was calculated by subtracting NPN from NCN and multiplying by 6.38. Retentate 

samples from each flux step were analyzed for TS, TN, and NPN using the same methods as the 

skim milk samples and TP was calculated. Permeate samples from each flux step were analyzed 

for TS, TN, NPN, and NCN using the same methods as the skim milk samples and TP, CN, and 

SP were calculated. The pH of the skim milk, permeates, and retentates were measured during 

processing with a solid polymer electrode (HA405-DXK-S8/120, Mettler-Toledo) and an Accumet 

915 pH meter (Fisher Scientific, Pittsburgh, PA) that was calibrated at 50°C using standard pH 4 

and 7 buffer solutions (SB101, SB107, Fisher Scientific). All skim milk, permeate, and retentate 

TN, NPN, and NCN samples were immediately refrigerated at < 4°C and analyzed within 24 h of 

processing. All skim milk, permeate, and retentate TS and fat samples were immediately frozen at 

-80°C until analysis.  

Permeate SDS-PAGE. A 10 to 20% polyacrylamide gradient was used to determine the 

relative proportion of protein types in permeate samples from the initial flux (45 kg·m-2·h-1) and 

the LF of the UTP round and UTP diamond treatments. Permeates (0.1 mL) were diluted with 

sample buffer (0.9 mL) consisting of 10 mM Tris-HCl pH 6.8, 1.0% SDS, 20% glycerol, 0.02% 

bromophenol blue tracking dye, and 50 mM dithiothreitol in glass vials (Target DPTM Vials C4000-

1W, National Scientific Company, Rockwood, TN) and sealed with DP Blue Caps (C4000-51B, 
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National Scientific Company). Diluted samples were heated to 100ºC with steam, held at 100ºC 

for 3 min, cooled to about 25ºC, and promptly frozen (– 17ºC) until use. 20 μL of each prepared 

permeate sample was loaded onto the SDS-PAGE gel in duplicate from a common vial to achieve 

an optical density of the predominant protein in the sample in the range of 1.0 to 1.4. The procedure 

of Verdi et al. (1987) was used for running, staining, and destaining the gels. Gels were scanned 

with a USB GS 800 Densitometer using Quantity 1 1-D Analysis software (Bio-Rad Laboratories, 

Inc., Hercules, CA) to obtain a relative protein composition of samples. One gel was prepared for 

each replicate. This layout was chosen to account for replicate error in the results during statistical 

analysis. A single skim milk sample (0.1 mL skim milk in 0.9 mL sample buffer with an 8.5 μL 

loading volume) from the respective replicate was run on each gel as a reference for proper 

resolution of milk proteins and a check for consistency of quantitative analysis from gel to gel. 

The background was adjusted separately for each lane using the rolling disk method of subtraction 

to obtain a flat base on the pop-up trace. The line that defined each lane was adjusted using the 

lane tool function (add, adjust anchors) in the software so that the lane line crossed each band at 

the center. The adjust band function of the software was used with brackets to set the leading and 

trailing edge for each band as visually observed on the image of the gel, not based on the beginning 

and end of the peak in the pop-up trace. The bracket width was set to include the full width of all 

bands. 

Serum Protein and Permeate Removal Calculations 

 SP Removal Factor. The SP removal factor for each flux step was estimated using 

Kjeldahl data of the pasteurized skim milk and permeates. The SP removal factor was calculated 

by dividing the permeate SP by the skim milk SP in the permeate portion of the skim milk (SPSkim 

milk / (100 – CNSkim milk) × 100).  
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 Modular Permeate Removal Rate. Modular permeate removal rates were calculated by 

multiplying the mass flux by the membrane module area (1.41 m2 for the round channel module 

and 2.07 m2 for the diamond channel module). 

Retentate Apparent Viscosity Measurement 

 Apparent viscosities of all retentates were measured using a rotational viscometer (LV-

DV2T, Brookfield Engineering Laboratories, Inc., Middleboro, MA) equipped with a jacketed cup 

and bob fixture (Enhanced UL Adapter, Brookfield Engineering Laboratories, Inc.). All samples 

were measured at 50 ± 1°C at a constant shear rate of 73 s-1. Temperature was maintained by 

placing 16 mL of tempered sample into the cup and circulating 50°C water through the jacket 

during measurement. Each sample measurement reflected the average viscosity obtained under 30 

s of shear after a 20 s shear equilibration period.  

Permeate Relative Whiteness Values 

 Hunter L values for the permeates were determined in duplicate with a Macbeth Color-Eye 

spectrophotometer (Model 2020; Kollmorgen Instruments, Corp., Newburgh, NY) with ProPalette 

software (Version 5.0; Kollmorgen Instruments, Corp., Newburgh, NY). A white color tile was 

used as a reflectance standard and was measured at the beginning of each session to verify 

instrument performance. Hunter values were computed from the diffuse reflectance of light in the 

360 to 750 nm range, at 10 nm intervals, based on illuminant A. The measurements were made at 

24 ± 1ºC using a 1 cm path length glass cuvette. Because the permeates were transparent and the 

cuvette was placed against a black background, the L values should not be considered whiteness 

values, but rather relative whiteness values (LR). 

 A preliminary experiment (see Appendix A3) was conducted in which varying levels of 

skim milk were added to MF permeates and the LR values were measured. The CN contributed to 
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the permeates by the skim milk was calculated based on the weight and CN concentration of the 

skim milk (0 to 0.023% w / w added CN) and was highly correlated to the LR values of the 

permeates (R2 > 0.99, data not shown). Consequently, higher LR values are indicative of higher 

levels of micellar CN in the MF permeate.  

Hydrodynamic Conditions 

 Reynolds Numbers. The dimensionless Reynolds number (Re) indicates whether flow is 

turbulent (> 4,000) or laminar (< 2,100). Reynolds numbers were calculated for the retentates at 

each flux step according to Equation 3.1, where ρ is the retentate density at 50°C (1040 kg·m-3) 

(Adams et al., 2015), Dh is the membrane hydraulic diameter, V is the average retentate cross-flow 

velocity (m·s-1), and μ is the retentate viscosity at 50°C (Pa·s). 

 Re hD V



 
          [3.1] 

The round retentate flow channel Dh was the channel diameter (0.004 m). Because the diamond-

shaped retentate flow channel Dh was noncircular, it was calculated according to Equation 3.2 

(Obot, 1988) where A is the cross sectional area (m2) and Pw is the wetted perimeter (m) of the 

flow channel. 
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 Computational Fluid Dynamics. The turbulent fluid flow analysis module of COMSOL 

Multiphysics (Version 4.3b, Stockholm, Sweden) was used to model radial velocity distributions 

in both the round and diamond-shaped retentate flow channels. Channel geometries were drawn 

in 3D using COMSOL and meshing was set to the fluid dynamics preset value of “finer.” The 

Reynolds-averaged Navier-Stokes k-ω model parameters were: α = 0.52, σk* = 0.5, σω = 0.5, β0 = 
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0.072, β0* = 0.09, κv = 0.41, B = 5.2. Assumptions included turbulent, stationary flow of an 

incompressible fluid with dynamic viscosity = 1.64 mPa·s and density = 1040 kg·m-3. Because 

axial flow through the membrane channels (i.e., retentate cross-flow) was 280 × the radial flow 

through the membrane channels (i.e., permeation through the membrane), radial flow was 

neglected. The channel inlet boundary condition was an average cross-flow velocity of 7 m·s-1 and 

the channel outlet boundary condition was a gauge pressure of 230 kPa. A “wall functions” 

boundary condition was set at the wall. This approximated velocity near the wall and did not 

assume it to be equal to 0 m·s-1. This assumption reduces computational requirements and is a 

valid approach for practical engineering applications when flow is highly turbulent (COMSOL, 

2013). A stationary iterative solver (400 iterations maximum) was used to solve the Navier-Stokes 

equations. Data was visualized by slicing a cross-sectional area from the center of each channel.   

Statistical Analysis 

Data were analyzed by ANOVA using the Proc GLM procedure of SAS (SAS version 9.4, 

SAS Institute Inc., Cary, NC). To detect differences (P < 0.05) in composition among skim milks 

used with the different membranes, the general linear model (GLM) was dependent variable = 

membrane + replicate + error where replicate was considered a random variable. To detect 

differences (P < 0.05) in processing variables, retentates, and permeates among membranes and 

fluxes, the GLM was dependent variable = membrane + flux + replicate + membrane × flux + 

replicate × membrane + error where replicate and replicate × membrane were random variables. 

Because membrane was a whole plot factor in the split block design, its significance was tested 

using replicate × membrane as the error term. For comparisons of least squares means among the 

membranes and fluxes, a Tukey-Kramer adjustment was made for multiple comparisons.    
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RESULTS AND DISCUSSION 

Proximate Compositions of Skim Milk, Retentates, and Permeates 

Skim Milk Composition. The mean compositions of the skim milks used to feed the 3 

systems are shown in Table 10. The mean CN%TP of the raw skim milk (80.2 ± 0.1%) was slightly 

lower (P < 0.05) than that of the pasteurized skim milk. This indicated that some SP was bound to 

the CN micelles due to heat denaturation of SP during pasteurization, but the level was low. No 

differences (P > 0.05) in composition were detected among the skim milks used to feed the 3 

systems (Table 10). 

 

Table 10. Mean (n = 3) compositions of skim milks used to feed the round channel without 

uniform transmembrane pressure (UTP), round channel with UTP, and diamond channel with 

UTP microfiltration processes 

 Round   

No UTP 

Round  

UTP 

Diamond 

UTP 

SE     R2 

Total solids (%)     9.237 9.225       9.223    0.017       0.96 

Fat (%)     0.119 0.124       0.127    0.005       0.52 

Crude protein (%)     3.411      3.415       3.417 0.007       0.99 

Nonprotein N × 6.38 (%)     0.174      0.172       0.175 0.004       0.83 

Noncasein N × 6.38 (%)     0.796      0.807       0.799 0.005       0.87 

True protein (%)     3.237      3.243       3.242 0.008       0.98 

Casein (%)     2.615      2.608       2.618 0.012       0.95 

Serum protein (%)     0.622      0.635       0.624 0.007       0.90 

SPpermeate portion (%)1     0.639      0.652       0.641    0.007       0.90 

CN%TP (%)2   80.79    80.42     80.75    0.221       0.74 

pH (-)     6.47      6.45       6.47    0.014       0.84 

Means within the same row are not different (P > 0.05). 
1 SPpermeate portion = (serum protein / (100 – casein)) 
2 CN%TP = (casein / true protein) × 100 

 

Membrane Geometry Comparison: Retentate Composition. The mean compositions of 

retentates produced using the round channel system with UTP and diamond channel system with 

UTP at 45 kg·m-2·h-1, 65 kg·m-2·h-1, and the LF are shown in Table 11. Retentate CP and TP were 

higher (P < 0.05) for the round channel system at the initial flux. The retentate flow rate was lowest 
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under these conditions (i.e., 45 kg·m-2·h-1, round channel system), the accuracy of the flow meter 

may have been reduced in this range. Thus, we may not have been able control CF as accurately 

at this retentate removal rate, resulting in a slightly higher CP and TP concentrations. However, 

differences in TP between the systems at the initial flux were low (< 0.4%) and no differences (P 

> 0.05) in composition were detected between systems at the LF. Differences in TS were consistent 

with the differences detected in CP and TP. Retentate NPN was slightly higher (P < 0.05) at the 

LF than at the lower fluxes for both systems. No differences (P > 0.05) in retentate pH were 

detected among any of the conditions tested.  

 

Table 11. Mean (n = 3) compositions1 of retentates at 45, 65 kg·m-2·h-1, and at the limiting flux 

(LF)2 when microfiltering skim milk using 4 mm round channel membranes or 4 mm equivalent 

diameter diamond-shaped channel membranes at 50°C 

 Round 

45 

Round  

65 

Round 

LF 

Diamond 

45 

Diamond 

65 

Diamond 

LF 

SE R2 

TS (%)  15.044a 14.739b   14.770b 14.711b 14.687b 14.696b 0.084 0.85 

CP (%)    8.999a   8.667b     8.611b   8.654b   8.575b   8.573b 0.088 0.87 

NPN (%)    0.162b   0.164b     0.177a   0.166b   0.163b   0.176a 0.005 0.85 

TP (%)    8.837a   8.503b     8.435b   8.488b   8.412b   8.396b 0.088 0.88 

pH (-)    6.44   6.44     6.44   6.46   6.46   6.46 0.003 0.99 
a-b Means within the same row not followed by the same letter are different (P < 0.05). 
1 TS = total solids; CP = crude protein; NPN = nonprotein N × 6.38; TP = true protein = CP – 

NPN. 
2 Mean round and diamond channel membrane LF were 88 and 71 kg·m-2·h-1, respectively.  

 

Membrane Geometry Comparison: Permeate Composition. The mean compositions of 

permeates produced using the round channel system with UTP and diamond channel system with 

UTP at 45 kg·m-2·h-1, 65 kg·m-2·h-1, and the LF are shown in Table 12. Permeate CP and TP were 

highest (P < 0.05) in the diamond channel system at each flux. No changes (P > 0.05) in CP or TP 

(Figure 9) were observed in the diamond channel system as flux was increased because the 

decrease (P < 0.05) in SP from 65 kg·m-2·h-1 to the LF was balanced by an increase (P < 0.05) in 
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CN (Table 12). The decrease in SP was caused by membrane fouling. The increase in CN was 

caused by enhanced CN concentration near the membrane surface at higher fluxes. Permeate CP 

(Table 12), TP (Figure 9 and Table 12), and SP (Table 12) in the round channel system decreased 

(P < 0.05) as the flux was increased from 65 kg·m-2·h-1 to the LF due to membrane fouling. No 

changes (P > 0.05) in permeate CN were observed among flux steps in the round channel system. 

Permeate CN in the diamond channel system was higher (P < 0.05) than it was in the round channel 

system at 65 kg·m-2·h-1 and the LF. The difference in CN passage between the round and diamond-

shaped flow channel membranes could have been caused by variation in the membrane selective 

layer coating due to the different geometries, differences in pore size distribution due to random 

variation in manufacturing tolerances, damage to the diamond channel membrane selective layer, 

or a combination of these factors.  

 

Table 12. Mean (n = 3) compositions1 of permeates at 45, 65 kg·m-2·h-1, and at the limiting flux 

(LF)2 when microfiltering skim milk using 4 mm round channel membranes or 4 mm equivalent 

diameter diamond-shaped channel membranes at 50°C 

 Round 

45 

Round  

65 

Round 

LF 

Diamond 

45 

Diamond 

65 

Diamond 

LF 

SE R2 

TS (%)   6.407ab  6.403ab    6.318c    6.439a   6.433a    6.374bc 0.019 0.92 

CP (%)   0.695b  0.684b    0.642c    0.733a   0.736a    0.728a 0.007 0.98 

NPN (%)   0.170  0.169    0.170    0.170   0.170    0.166 0.003 0.85 

NCN (%)   0.694b  0.684b    0.637c    0.723a   0.712a    0.687b 0.005 0.98 

TP (%)   0.525b  0.515b    0.472c    0.562a   0.566a    0.561a 0.007 0.98 

CN (%)   0.001c  0.001c    0.006c    0.010bc   0.024b    0.040a 0.006 0.94 

SP (%)   0.524b  0.515b    0.467c    0.553a   0.543a    0.521b 0.005 0.99 

pH (-)   6.50  6.50    6.50    6.52   6.52    6.52 0.004 0.98 
a-c Means within the same row not followed by the same letter are different (P < 0.05). 
1 TS = total solids; CP = crude protein; NPN = nonprotein N × 6.38; NCN = noncasein N × 

6.38; TP = true protein = CP – NPN; CN = casein = TP – NCN; SP = serum protein = NCN – 

NPN. 
2 Mean round and diamond channel membrane LF were 88 and 71 kg·m-2·h-1, respectively.  
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Permeate TS were highest (P < 0.05) for all fluxes in the diamond channel system and decreased 

(P < 0.05) as flux was increased from 65 kg·m-2·h-1 to the LF in the round channel system due to 

the differences in TP caused by fouling. No differences (P > 0.05) in NPN or pH were detected 

among any of the channel geometry or flux combinations. 

UTP Comparison Retentate Composition. The mean compositions of retentates 

produced using the round channel membranes with and without UTP at 45 kg·m-2·h-1, 65 kg·m-

2·h-1, and the LF are shown in Table 13. Retentate CP and TP were higher (P < 0.05) at the initial 

flux (i.e., 45 kg·m-2·h-1) than higher fluxes for both systems. As described above, this may have 

been due to reduced accuracy of the retentate flow meter at lower flow rates. Differences in TP 

between systems at the initial flux were low (< 0.4%) and no differences (P > 0.05) in composition 

were detected between systems at the LF. Differences in TS were consistent with the differences 

detected in CP and TP. Retentate NPN was slightly higher (P < 0.05) at the LF than at the lower 

fluxes for the UTP system. No differences (P > 0.05) in retentate pH were detected among any of 

the conditions tested. 

 

Table 13. Mean (n = 3) compositions1 of retentates at 45, 65 kg·m-2·h-1, and at the limiting flux 

(LF)2 when microfiltering skim milk using 4 mm round channel membranes with or without 

uniform transmembrane pressure (UTP) at 50°C 

 UTP 

45 

UTP  

65 

UTP 

LF 

No UTP 

45 

No UTP 

65 

No UTP 

LF 

SE R2 

TS (%) 15.044a 14.739b 14.770b 14.982a 14.831b 14.774b 0.155  0.62 

CP (%)   8.999a   8.667b   8.611b   8.874a   8.691b   8.577b 0.143  0.73 

NPN (%)   0.162b   0.164ab   0.177a   0.162b   0.166ab   0.163b 0.004  0.81 

TP (%)   8.837a   8.503b   8.435b   8.711a   8.525b   8.414b 0.144  0.73 

pH (-)   6.44   6.44   6.44   6.46   6.45   6.46 0.004  0.97 
a-b Means within the same row not followed by the same letter are different (P < 0.05). 
1 TS = total solids; CP = crude protein; NPN = nonprotein N × 6.38; TP = true protein = CP – 

NPN. 
2 Mean LF with and without UTP were 88 and 84 kg·m-2·h-1, respectively.  
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Figure 9. Mean (n = 3) permeate true protein as a function of mass flux when microfiltering skim 

milk using 4 mm round channel membranes with and without uniform transmembrane pressure 

(UTP) and 4 mm equivalent diameter diamond channel membranes with UTP. Temperature = 

50°C; average cross-flow velocity = 7 m·s-1. Error bars represent ± 1 standard deviation. 
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UTP Comparison Permeate Composition. The mean compositions of permeates 

produced using the round channel membranes with and without UTP at 45 kg·m-2·h-1, 65 kg·m-

2·h-1, and the LF are shown in Table 14. At any given flux, no differences (P > 0.05) in permeate 

composition were observed between the systems. This indicated that the use of UTP had no effect 

on the composition of the permeate when round channel membranes were used. Preliminary work 

was done in which the diamond channel membranes were also operated with and without UTP. 

No effect of UTP on permeate composition was observed with the diamond channel membranes 

(data not shown). Permeate TS, CP, TP (Figure 9), NCN, and SP all decreased (P < 0.05) as flux 

was increased from 65 kg·m-2·h-1 to the LF due to membrane fouling. No changes (P > 0.05) in 

NPN or pH were observed among any of the UTP or flux combinations.  

 

Table 14. Mean (n = 3) compositions1 of permeates at 45, 65 kg·m-2·h-1, and at the limiting flux 

(LF)2 when microfiltering skim milk using 4 mm round channel membranes with or without 

uniform transmembrane pressure (UTP) at 50°C 

 UTP 

45 

UTP 

65 

UTP 

LF 

No UTP 

45 

No UTP 

65 

No UTP 

LF 

SE R2 

TS (%)   6.407a   6.403a    6.318b    6.386a    6.398a    6.324b 0.016 0.94 

CP (%)   0.695a   0.684a    0.642b    0.673a    0.670a    0.631b 0.009 0.95 

NPN (%)   0.170    0.169    0.170    0.170    0.170    0.176 0.003 0.89 

NCN (%)   0.694a   0.684a    0.637b    0.667a    0.665a    0.626b 0.008 0.97 

TP (%)   0.525a   0.515a    0.472b    0.503a    0.501a    0.455b 0.007 0.97 

CN (%)   0.001   0.001    0.006    0.005    0.005    0.005 0.004 0.79 

SP (%)   0.524a   0.515a    0.467b    0.497a    0.496a    0.450b 0.006 0.98 

pH (-)   6.50   6.50    6.50    6.50    6.51    6.51 0.006 0.95 
a-b Means within the same row not followed by the same letter are different (P < 0.05). 
1 TS = total solids; CP = crude protein; NPN = nonprotein N × 6.38; NCN = noncasein N × 

6.38; TP = true protein = CP – NPN; CN = casein = TP – NCN; SP = serum protein = NCN – 

NPN. 
2 Mean LF with and without UTP were 88 and 84 kg·m-2·h-1, respectively. 
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Permeate SDS-PAGE and Color 

 SDS-PAGE was used to determine the relative quantities of proteins in permeates produced 

using the round channel membranes with UTP and diamond channel membranes with UTP at 45 

kg·m-2·h-1 and at the LF (Figure 10). SDS-PAGE results were consistent with Kjeldahl analyses 

and permeates produced using the diamond channel membranes at the LF contained more (P < 

0.05) CN than any of the other permeates. No differences (P > 0.9) in CN were observed between 

fluxes when the round channel system was examined. No differences (P = 0.11) in CN were 

observed between membranes at the initial flux. 

 Differences in permeate CN content were associated with differences in permeate opacity. 

Skim milk is white because CN micelles scatter light. The presence of these micelles, even in small 

amounts, can increase the opacity of MF permeates. Figure 11 shows the LR values of the 

permeates produced using the 3 systems at all fluxes. Higher LR values indicate increased opacity 

in MF permeates that should be clear. The diamond channel system produced permeates with 

higher (P < 0.05) LR values. Zulewska et al., (2009) determined MF permeate LR values by the 

same method and detected higher levels of CN in permeates when LR ≥ 20. All permeates produced 

using the diamond channel system in the present study had LR values above 20. All permeates 

produced using the round channel system in the present study had LR values below 20. As flux 

was increased in the diamond channel system, LR values also increased (P < 0.05), indicating 

higher CN micelle passage through the membrane. These differences in opacity were easily 

detected visually (Figure 12). Increased CN passage into the permeate could potentially change 

the functional properties of any ingredient produced from the MF permeates (i.e., a serum protein 

concentrate).
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Figure 10. Proteins in skim milk and the microfiltration permeates produced using round channel retentate flow channel and diamond-

shaped retentate flow channel membranes with uniform transmembrane pressure at 45 kg·m-2·h-1 and the limiting fluxes as determined 

by SDS-PAGE. Bands in skim milk are identified on the gel as follows: SP1, SP2 = serum proteins, CN1 = αs-CN (combination of αs1 

and αs2-CN), CN2 = β-CN; CN4 = κ-CN; CN3, CN5, and CN6 = proteolysis products of CN; SP3 = β-LG; and SP4 = α-LA. Mean (n = 

6) sums of all CN bands (% relative density) are shown for each membrane, flux combination ± standard error. Means not followed by 

the same letter are different (P < 0.05).
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Figure 11. Mean (n = 3) permeate LR values (relative whiteness measured at 24°C) as a function 

of mass flux when microfiltering skim milk using 4 mm round channel membranes with and 

without uniform transmembrane pressure (UTP) and 4 mm equivalent diameter diamond channel 

membranes with UTP. Error bars represent ± 1 standard deviation. 
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Figure 12. Microfiltration permeates produced from skim milk using 4 mm round channel membranes with uniform transmembrane 

pressure (UTP) and 4 mm equivalent diameter diamond channel membranes with UTP at fluxes of 45 kg·m-2·h-1, 65 kg·m-2·h-1, and the 

limiting flux. Limiting fluxes for round with UTP and diamond with UTP were 88 and 71 kg·m-2·h-1, respectively.
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Apparent Viscosities of Retentates 

 Retentate apparent viscosities (shear rate = 73 s-1) at 50°C for the membrane geometry 

comparison and UTP comparison are shown in Tables 15 and 16, respectively. Retentate produced 

with the round channel system at the initial flux had a higher (P < 0.05) viscosity than retentates 

produced using the round channel system at the LF or using the diamond channel system at the 

initial flux (Table 15). These differences were associated with differences in TP concentrations as 

described above (Table 11). However, no differences (P > 0.05) in viscosity were detected between 

the membrane systems at the LF (Table 15). No differences (P > 0.05) in viscosity were detected 

among the retentates produced by the round channel membranes with or without UTP at any flux 

(Table 16). 

 

Table 15. Mean (n = 3) retentate flow dynamic data at 45, 65 kg·m-2·h-1, and the limiting flux 

(LF)1 when microfiltering skim milk using 4 mm round channel membranes or 4 mm equivalent 

diameter diamond-shaped channel membranes at 50°C 

 Recirculation  

rate 

(L·min-1) 

Average cross-

flow velocity 

(m·s-1) 

Apparent 

viscosity  

(mPa·s)2 

Reynolds  

number 

(-)3 

Round, 45 587.1d           7.01b           1.69a       17,200b 

Round, 65 588.1d           7.03a 1.67ab       17,500ab 

Round, LF 587.4d           7.02ab           1.64b       17,800a 

Diamond, 45 677.8a           7.01b           1.63b       14,300c 

Diamond, 65 676.5b           7.00c           1.64ab       14,200c 

Diamond, LF 675.2c           6.98d           1.64ab       14,200c 

SE         0.376      0.004        0.018       171.29 

R2       >0.99      0.97        0.79        >0.99 

a-c Means within the same column not followed by the same letter are different (P < 0.05). 
1 Mean round and diamond channel membrane LF were 88 and 71 kg·m-2·h-1, respectively. 
2 Apparent viscosity at 50°C, 73 s-1. 
3 Reynolds number = density (1040 kg·m-3) × hydraulic diameter (round = 0.004 m, diamond = 

0.0032 m) × average cross-flow velocity (m·s-1) / retentate viscosity (Pa·s). 
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Table 16. Mean (n = 3) retentate flow dynamic data at 45, 65 kg·m-2·h-1, and the limiting flux 

(LF)1 when microfiltering skim milk using 4 mm round channel membranes with or without 

uniform transmembrane pressure (UTP) at 50°C 

 Recirculation  

rate 

(L·min-1) 

Average cross-

flow velocity 

(m·s-1) 

Apparent 

viscosity  

(mPa·s)2 

Reynolds  

number 

(-)3 

UTP, 45           587.1 7.01 1.69 17,200  

UTP, 65           588.1 7.03 1.67 17,500 

UTP, LF           587.4 7.02 1.64 17,800  

No UTP, 45           587.4 7.02 1.68 17,400  

No UTP, 65           586.4 7.01 1.67 17,500 

No UTP, LF           586.5 7.01 1.65 17,600  

SE         0.782        0.009         0.031       399.463 

R2         0.65        0.65         0.47           0.45 

a-c Means within the same column not followed by the same letter are different (P < 0.05). 
1 Mean LF with and without UTP were 88 and 84 kg·m-2·h-1, respectively. 
2 Apparent viscosity at 50°C, 73 s-1. 
3 Reynolds number = density (1040 kg·m-3) × hydraulic diameter (round = 0.004 m, diamond = 

0.0032 m) × average cross-flow velocity (m·s-1) / retentate viscosity (Pa·s). 

 

MF Processing Data 

 Mean temperature and CF among all treatments were 50 ± 0.2°C and 2.98 ± 0.09 ×, 

respectively, and no differences were detected among membrane or UTP treatments or fluxes (P 

> 0.05; data not shown). 

Membrane Geometry Comparison Pressures. Mean process gauge pressures for the 

round and diamond channel systems are shown in Table 17. The diamond-shaped channels in this 

study were designed to have an equivalent diameter of a round 4 mm flow channel. Noncircular 

channels with diameters which are equivalent to a given round channel’s diameter should yield the 

same pressure drop per unit channel length at a given average cross-flow velocity. PRi for the round 

channel system was higher (P < 0.05) than PRi for the diamond channel system (Table 17). Because 

no differences (P > 0.05) in PRo were observed between the systems, ∆P differences followed PRi 

differences and were higher (P < 0.05) for the round channel system. These differences were small 
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(∆P about 2% higher for round channel membranes), as would be expected of membranes with the 

same equivalent diameter. No differences in PPi, PPo, TMPi, or TMPo were observed between the 

systems at the initial flux. However, PPi and PPo were lower (P < 0.05) and TMPi and TMPo were 

higher (P < 0.05) in the diamond channel system at 65 kg·m-2·h-1. Given the similarities in PRi and 

PRo between the 2 systems, this indicated that the diamond channel system was fouling to a greater 

degree than the round channel system at 65 kg·m-2·h-1. As the LF was reached, no differences (P 

> 0.05) in PPi, PPo, TMPi, or TMPo were observed between the systems, as both began to foul 

rapidly. To maintain UTP performance, ∆TMP was controlled at 25 ± 3 kPa. Near the LF, PPo 

approached 0 kPa. As fouling progressed, the diaphragm valve in the permeate recirculation loop 

had to be closed more to prevent starving the permeate recirculation pump. Consequently, ∆TMP 

could no longer be controlled and it increased (P < 0.05) at the LF for both systems.   

 

Table 17. Mean (n = 3) gauge pressures1 (kPa) at 45, 65 kg·m-2·h-1, and limiting fluxes (LF)2 

when microfiltering skim milk with 4 mm round and 4 mm equivalent diameter diamond-shaped 

channel membranes with uniform transmembrane pressure 

 PRi PRo ΔP PPi PPo TMPi TMPo ∆TMP 

Round, 45     406a 230    176a    301a    137a 121c       94d   27b 

Round, 65    405a 230    175a    272a    108b 149c     124c   25b 

Round, LF    404ab 230    174ab   26c   14d 394a     218a 177a 

Diamond, 45    402bc 230    172bc 289a    128ab 129c     104cd   25b 

Diamond, 65    401c 230    171c 208b   50c 208b     181b   27b 

Diamond, LF    400c 230    170c   20c   10d 397a     221a 176a 

SE 0.83 0.24 0.52 11.71   7.60 11.57   7.60   7.94 

R2 0.96 0.53 0.95 >0.99 >0.99 >0.99 >0.99 >0.99 
a-c Means within the same column not followed by the same letter are different (P < 0.05). 

1 PRi = inlet retentate pressure; PRo = outlet retentate pressure; ΔP = PRi – PRo; PPi = inlet permeate 

pressure; Ppo = outlet permeate pressure; TMPi = transmembrane pressure at the inlet; TMPo = 

transmembrane pressure at the outlet; ∆TMP = TMPi - TMPo. 
2 Mean round and diamond channel membrane LF were 88 and 71 kg·m-2·h-1, respectively. 

 

Membrane Geometry Comparison Retentate Hydrodynamic Conditions. Mean flow 

dynamic data for the round and diamond channel systems are shown in Table 15. Average cross-
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flow velocity was controlled in this study. While there were minor differences (P < 0.05) in cross-

flow velocity among treatments and fluxes, these were small (< 0.4%), inconsistent with respect 

to the treatments, and were only detected because of the tight control of the system. Because the 

cross-flow velocity was controlled and the open cross-sectional area of the diamond channel 

membrane was higher than the cross sectional area of the round channel membrane (Figure 8), the 

retentate recirculation rate required to achieve the same cross-flow velocity was higher (P < 0.05) 

for the diamond channel system. The Re for the round channel system was higher (P < 0.05) than 

that of the diamond channel system. Minor differences in Re can be attributed to variation in 

retentate viscosity and cross-flow velocity, but the driver of the difference observed between 

systems was the smaller membrane hydraulic diameter (Dh) of the diamond channel system 

(Equation 3.1).  

The computational fluid dynamics models of the radial shear rate and radial cross-flow 

velocity distributions within the round and diamond-shaped retentate flow channels are shown in 

Figure 13. As expected, shear rates were highest and velocities were lowest near the membrane 

surface for both channel geometries. The most striking difference between the channel geometries 

was the localized reduction in shear rate and velocity near the vertices of the diamond-shaped flow 

channels. Saiyood et al. (2013) used computational fluid dynamics to study the radial cross-flow 

velocity profiles within star-shaped MF retentate flow channels and determined that cross-flow 

velocities were lowest in the corners of the channels.  Lower shear rates and velocities have been 

associated with higher fouling and lower LF in cross-flow MF of skim milk (Gesan-Guiziou et al., 

1999, Samuelsson et al., 1997). The acute vertex (65.6°) showed a greater reduction in both shear 

rate and velocity than the obtuse vertex (114.4°). This finding suggests that future design of 

membranes should strive to reduce small angle vertices in manufacturing to increase the overall  
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Figure 13. Radial shear rate and cross-flow velocity profiles within the round and diamond-shaped 

retentate flow channels during microfiltration of skim milk at 50°C and an average cross-flow 

velocity of 7 m·s-1. 
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shear near the membrane surface. This strategy may be difficult to employ in practice if such 

designs would weaken the overall structure of the membrane or would decrease the membrane 

compactness. 

UTP Comparison Pressures. Mean process gauge pressures for the round channel 

systems with and without UTP are shown in Table 18. No differences (P > 0.05) in PRi, PRo, or ∆P 

were observed between systems or among fluxes. When UTP was used at 45 and 65 kg·m-2·h-1, 

PPi was higher (P < 0.05) and PPo was lower due to the discharge and suction, respectively, of the 

permeate recirculation pump. For the same reason, TMPi was lower in the UTP system below the 

LF. At the LF, both systems began to foul and no longer exhibited these differences (P > 0.05). 

Starling flow occurs when permeate flows back through the membrane and into the retentate. It is 

detrimental to the process because a portion of the membrane is no longer being used for 

separation. Starling flow is indicated by negative TMP and was observed at the membrane outlet 

(TMPo) of the system without UTP below the LF. Starling flow was reduced by increasing the 

flux, which reduced backpressure on the permeate side of the membrane. As expected, ∆TMP was 

higher (P < 0.05) for the system without UTP than the system with UTP at all fluxes. 

UTP Comparison Retentate Hydrodynamic Conditions. Mean flow dynamic data for 

the round channel systems with and without UTP are shown in Table 16. No differences (P > 0.05) 

in the hydrodynamic conditions were detected among fluxes or between systems. These 

consistencies can be attributed to the same membrane being used in both systems.  

Limiting Fluxes 

Effect of Membrane Geometry. The LF of the diamond channel system (71 kg·m-2·h-1) 

was lower (P < 0.05) than the LF of the round channel system (88 kg·m-2·h-1) (Figure 14). The 

difference in LF between the systems (round channel system LF was 24% higher) was proportional 
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Table 18. Mean (n = 3) gauge pressures1 (kPa) at 45, 65 kg·m-2·h-1, and limiting fluxes (LF)2 

when microfiltering skim milk with and without uniform transmembrane pressure (UTP) using 

4 mm round channel membranes 

 PRi PRo ΔP PPi PPo TMPi TMPo ∆TMP 

UTP, 45 406 230 176   301a     137b    121d      94c   27c 

UTP, 65 405 230 175   272ab 108b    149cd    124c   25c 

UTP, LF 404 230 174     26d   14d    394a    218a 177b 

No UTP, 45  405 230 175   244bc 253a    176bc    -22d 198a 

No UTP, 65 405 230 175   222c 232a    197b      -3d 199a 

No UTP, LF 405 230 175     55d   65c    365a   166b 199a 

SE 0.75 0.24 0.83   9.70 10.44   9.73 10.58   3.77 

R2 0.91 0.53 0.89 >0.99 >0.99 >0.99 >0.99 >0.99 
a-d Means within the same column not followed by the same letter are different (P < 0.05). 

1 PRi = inlet retentate pressure; PRo = outlet retentate pressure; ΔP = PRi – PRo; PPi = inlet permeate 

pressure; Ppo = outlet permeate pressure; TMPi = transmembrane pressure at the inlet; TMPo = 

transmembrane pressure at the outlet; ∆TMP = TMPi - TMPo. 
2 Mean UTP and no UTP operation LF were 88 and 84 kg·m-2·h-1, respectively. 

 

to the difference in Re between the systems (round channel system Re was 25% higher). Gesan-

Guiziou et al. (1999) and Hurt et al. (2015b) determined that the Re is not a good predictor of 

ceramic MF LF when round channels of different diameters are compared. However, the present 

study compared channels of different geometries. The critical Re for transition from laminar to 

turbulent flow in a channel increases with increasing aspect ratio, or the ratio of the length of a 

channel’s cross section to its width (Obot, 1988). Because the aspect ratio for a round channel is 1 

(the minimum), this implies that a noncircular channel with the same cross-sectional area as a 

round channel will transition to turbulent flow at a higher Re. Using Dh as the length unit in the 

Re calculation accounts for differences in critical Re among varying geometries (Obot, 1988) and 

can be used to reconcile differences in fluid dynamics between flow through circular and 

noncircular channels. The variation in shear rates and velocities described by the computational 

fluid dynamics models indicate that the perimeter of the diamond-shaped channel had a higher 

proportion of low shear near the membrane surface. This finding could be expected to reduce the 

LF and can be accounted for by the differences in Dh. Whether or not Dh can account for changes  
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Figure 14. Mean (n = 3) mass flux as a function of average transmembrane pressure (TMPavg) 

when microfiltering skim milk using 4 mm round channel membranes with and without uniform 

transmembrane pressure (UTP) and 4 mm equivalent diameter diamond channel membranes with 

UTP. Temperature = 50°C; average cross-flow velocity = 7 m·s-1. Error bars represent ± 1 standard 

deviation. 
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in LF when channels of different geometries and different equivalent diameters are compared 

remains to be confirmed. 

Effect of UTP. The LF of the round channel system without UTP (84 kg·m-2·h-1) was lower 

(P < 0.05) than the LF of the round channel system with UTP (88 kg·m-2·h-1) (Figure 14). 

Preliminary work indicated that there was no interaction effect between channel geometry and 

UTP on the LF (data not shown). It was expected that UTP might have conferred more of an 

advantage in increasing the system LF because UTP is reported to reduce membrane fouling 

(Sandblom, 1978). The present study’s results are in line with those of Vadi and Rizvi (2001), who 

noted that UTP did not improve skim milk MF flux below a 4 × CF in batch concentration mode 

using 0.2 μm ceramic MF membranes. To realize a marginal 5% gain in LF by operating the system 

in UTP mode, processors would also have to absorb the fixed capital and variable energy costs 

associated with running the additional permeate recirculation pump.  

This study did not determine whether UTP would affect the length of time that the MF 

process described could be run before fouling would require the system to be cleaned. Based on 

our experience microfiltering skim milk and milk protein concentrate using ceramic Membralox 

GP membranes (Hurt et al., 2015a; Hurt et al., 2015b; Adams et al, 2015), if the retentate viscosity 

is kept below a certain value (value is dependent on the cross-flow velocity), cross-flow velocity 

is maintained, and the flux in a constant flux process is < 85% of the LF (or TMPavg < 150 kPa in 

a constant TMP process), fouling will remain low and run times near 20 h can be achieved (E.E. 

Hurt, unpublished data). If the above guidelines are followed, the use of UTP is not expected to 

increase run times relative to when UTP is not used. The findings of Vadi and Rizvi (2001) 

described above support this hypothesis when CF < 4 ×. Further work should be done to verify 

that the findings of this study are valid for the run times that might be used in industry (i.e., 18 h).  
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SP and Permeate Removal 

 SP Removal Factor. A SP removal factor was calculated to describe the passage of SP 

through the 3 systems at 45 kg·m-2·h-1, 65 kg·m-2·h-1, and the LF (Figure 15). A SP removal factor 

of 1 indicates that no SP was rejected by the membrane. A SP removal factor of 0 indicates that 

all of the SP was rejected. The 0.1 μm Membralox GP ceramic membranes have a SP removal 

factor of 0.87 below the LF (Adams et al., 2015) when microfiltering skim milk. The diamond 

channel system SP removal factor was 0.86 at 45 kg·m-2·h-1 and decreased (P < 0.05) to 0.81 as 

flux was increased to the LF (Figure 15). The round channel system SP removal factor was lower 

(P < 0.05) at 45 kg·m-2·h-1 (0.79) and decreased (P < 0.05) to 0.71 as flux was increased to the LF. 

The use of UTP did not affect the SP removal factor. Preliminary work indicated that there was no 

interaction effect between channel geometry and UTP on the SP removal factor (data not shown). 

The diamond and round channel membranes used in the present study were both specified 

to have a nominal pore size of 100 nm. The Membralox GP membranes examined by Adams et al. 

(2015) had a nominal pore size specification of 0.1 μm. Although the 0.1 μm and 100 nm pore 

sizes should be the same, manufacturing differences may have resulted in the diamond channel 

membrane pore size being near that of the Membralox GP membranes and the round channel 

membrane pore size being smaller, based on variation in SP removal. Because a single batch of 

each membrane type was used in this study, it is not possible to determine whether the SP removal 

differences were inherent to the geometry manufacturing process or if they were due to random 

batch-to-batch variation within a given membrane type. Future studies that seek to determine 

differences in membrane rejection characteristics should examine membranes from several 

different lots to improve the statistical power in making such claims.  
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Figure 15. Mean (n = 3) serum protein (SP) removal factors as a function of mass flux when 

microfiltering skim milk using 4 mm round channel membranes with and without uniform 

transmembrane pressure (UTP) and 4 mm equivalent diameter diamond channel membranes with 

UTP. Limiting fluxes for round with UTP, round without UTP, and diamond with UTP were 88, 

84, and 71 kg·m-2·h-1, respectively. Error bars represent ± 1 standard deviation. 

 

 

 



95 
 

Modular Permeate Removal Rate. Ceramic membranes are typically housed inside 

stainless steel modules. One way to decrease the fixed costs of ceramic MF systems would be to 

increase membrane compactness so that fewer stainless steel modules are needed to house a given 

amount of membrane area. The fluxes studied using each system were multiplied by the module 

surface area so that a modular permeate removal rate (kg permeate per h) could be calculated. 

Despite having a lower LF, the diamond channel system achieved a 19% higher (P < 0.05) modular 

permeate removal rate (Figure 16). This was due to the 47% increase in module surface area 

conferred by the diamond channel design. Depending on the size of the system and assuming that 

SP removal is not decreased by the diamond channel design, the diamond channel system could 

decrease the fixed costs of a ceramic MF installation relative to a round channel system with 

retentate flow channels of the same equivalent diameter.  

Sensitivity Analysis of Diamond Channel Cross-Sectional Area 

 Some of the diamond retentate flow channels had vertices that were slightly more rounded 

than vertices in other channels. Channels with rounded vertices would have higher cross-sectional 

areas than channels with sharp vertices of the same height and width. This was not accounted for 

in our total open channel area (Figure 8) or cross-flow velocity (Table 15) calculations. At a 

constant retentate recirculation rate (i.e., 676.5 L·min-1), a higher cross-sectional area would result 

in a lower cross-flow velocity and could be expected to decrease the LF (Hurt et al., 2015b). The 

diamond channel cross-sectional area calculated in this study (0.00054 m2 per element, Figure 8) 

was based on the assumption that all of the vertices were sharp. A sensitivity analysis was 

conducted (Table 19) to determine the impact of cross-sectional area on the cross-flow velocity 

and, consequently, the LF. The analysis assumed LF was linearly proportional to cross-flow 

velocity (Samuelsson et al., 1997). Increasing the diamond channel cross-sectional area by 12% 
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(Table 19) yields a cross- sectional area equal to that of a 4 mm round flow channel, and could 

therefore be considered a reasonable upper limit for the sensitivity analysis. Assuming a 12% 

increase in the cross-sectional area used in this study, the actual average cross-flow velocity would 

have been 6.23 m·s-1 (Table 19), not 7 m·s-1. Increasing the average cross-flow velocity from 6.23 

to 7 m·s-1 by increasing the retentate recirculation rate would have increased the diamond channel 

membrane’s LF from 71 to 80 kg·m-2·h-1 (Table 19), which would still be lower than the LF 

observed for the round channel membrane when operated in UTP mode (88 kg·m-2·h-1). Assuming 

the diamond channel LF was 80 kg·m-2·h-1, the modular permeate removal rate at the LF would 

have been higher (165 kg·h-1, Table 19) than the modular permeate removal rate reported (147 

kg·h-1) in Figure 16. The sensitivity analysis indicated that the round channel LF was at least 10% 

higher (assuming rounded vertices and a 12% increase in cross-sectional area) and at most 24% 

higher (assuming sharp vertices and no increase in cross-sectional area) than the diamond channel 

LF at an average cross-flow velocity of 7 m·s-1. In either case, the modular permeate removal rate 

would have been higher for the diamond channel system than it was for the round channel system. 

CONCLUSIONS 

The impacts of ceramic membrane channel geometry (round or diamond-shaped) and UTP 

on LF and SP removal during skim milk MF at a temperature of 50°C, a retentate protein 

concentration of 8.5%, and an average cross-flow velocity of 7 m·s-1 were determined. Using UTP 

with round flow channel MF membranes increased the LF by 5% when compared to not using 

UTP and SP removal was not affected by the use of UTP. Using membranes with round channels 

instead of diamond-shaped channels in UTP mode increased the LF by 24%. This increase was 

associated with a 25% increase in Re and can be explained by lower shear at the vertices of the  
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Figure 16. Mean (n = 3) modular permeate removal rates as a function of mass flux when 

microfiltering skim milk using 4 mm round channel membranes with and without uniform 

transmembrane pressure (UTP) and 4 mm equivalent diameter diamond channel membranes with 

UTP. Temperature = 50°C; average cross-flow velocity = 7 m·s-1. Error bars represent ± 1 standard 

deviation. 
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Table 19. Sensitivity analysis of the impact of diamond channel cross-sectional area on 

hydraulic diameter, average cross-flow velocity, Reynolds number, limiting flux, and modular 

permeate removal rate. 

 Assumed increase in cross-sectional area (%) 

Parameter 0 5 10 12 

Channel cross-sectional area (m2)  1.12 × 10-5  1.17 × 10-5   1.23 × 10-5  1.26 × 10-5 

Module cross-sectional area (m2)1  1.61 × 10-3  1.69 × 10-3   1.77 × 10-3  1.81 × 10-3 

Hydraulic diameter (m)2  3.2   × 10-3  3.3   × 10-3   3.5   × 10-3  3.6   × 10-3 

Average cross-flow velocity (m·s-1)3           7.00           6.67           6.37           6.23 

Reynolds number4  14,200  14,200  14,200  14,200 

Limiting flux at 7 m·s-1 (kg·m-2·h-1)5         71         75         78         80 

Modular permeate removal rate 

(kg·h-1)6 

      147       154       162       165 

1 Module cross-sectional area = channel cross-sectional area × 48 channels per element × 3 

elements per module. 
2 Hydraulic diameter = 4 × channel sectional area / wetted perimeter (0.014 m) 
3 Velocity = retentate recirculation rate (676.5 L·min-1)  / module cross-sectional area 
4 Reynold number = retentate density (1040 kg·m-3) × (hydraulic diameter) × (average cross-

flow velocity) / retentate viscosity (0.00163 Pa·s) 
5 Limiting flux at 7 m·s-1 = 71 kg·m-2·h-1 × (7 m·s-1 / average cross-flow velocity) 
6 Modular permeate removal rate = limiting flux × module surface area (2.07 m2) 

 

diamond-shaped channel’s surface. The SP removal factor of the diamond channel system was 

higher than the SP removal factor of the round channel system below the LF. However, the 

diamond channel system passed more casein into the MF permeate than the round channel system. 

Because only one batch of each membrane was tested in our study, it was not possible to determine  

if the differences in protein rejection between channel geometries were due to the membrane 

design or random manufacturing variation. Despite the lower LF of the diamond channel system, 

the 47% increase in membrane compactness (membrane area per unit volume of membrane) of the 

diamond channel system produced a modular permeate removal rate that was at least 19% higher 

than the round channel system. Consequently, using diamond channel membranes instead of round 

channel membranes could reduce some of the costs associated with ceramic MF of skim milk if 

fewer membrane modules could be used to attain a given amount of membrane area.  
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CHAPTER FOUR: EFFECT OF CERAMIC MEMBRANE CHANNEL DIAMETER ON 

LIMITING RETENTATE PROTEIN CONCENTRATION DURING SKIM MILK 

MICROFILTRATION  

ABSTRACT 

 Our objective was to determine the effect of retentate flow channel diameter (4 mm or 6 

mm) of non-graded permeability 100 nm pore size ceramic membranes operated in non-uniform 

transmembrane pressure mode on the limiting retentate protein concentration (LRPC) while 

microfiltering (MF) skim milk at a temperature of 50°C, a flux of 55 kg·m-2·h-1, and an average 

cross-flow velocity of 7 m·s-1. At the above conditions, the retentate true protein concentration 

was incrementally increased from 7% to 11.5%. When temperature, flux, and average cross-flow 

velocity were controlled, ceramic membrane retentate flow channel diameter did not affect the 

LRPC. This indicates that the LRPC is not a function of the Reynolds number. Computational fluid 

dynamics data, which indicated that both membranes had similar radial shear rate and velocity 

profiles within their retentate flow channels, supported this finding. Membranes with 6 mm flow 

channels can be operated at a lower pressure drop from membrane inlet to membrane outlet (∆P) 

or at a higher cross-flow velocity, depending on which is controlled, than membranes with 4 mm 

flow channels. This implies that 6 mm membranes could achieve a higher LRPC than 4 mm 

membranes at the same ∆P due to an increase in cross-flow velocity. In theory, the higher LRPC 

of the 6 mm membranes could facilitate 95% serum protein (SP) removal in 2 MF stages with 

diafiltration between stages if no SP were rejected by the membrane.  

At the same flux, retentate protein concentration, and average cross-flow velocity, 4 mm 

membranes require 21% more energy to remove a given amount of permeate than 6 mm 

membranes, despite the lower surface area of the 6 mm membranes. Equations to predict skim 
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milk MF retentate viscosity as a function of protein concentration and temperature were provided. 

Retentate viscosity, retentate recirculation pump frequency required to maintain a given cross-flow 

velocity at a given retentate viscosity, and retentate protein determination by mid-infrared 

spectrophotometry were all useful tools for monitoring the retentate protein concentration to 

ensure a sustainable MF process. Using 6 mm membranes instead of 4 mm membranes would be 

advantageous for processors wishing to reduce energy costs or maximize the protein concentration 

of a MF retentate. 

INTRODUCTION 

 Microfiltration (MF) has been used to separate serum proteins (SP) from CN micelles in 

skim milk (Samuelsson et al., 1997; Gesan-Guiziou et al., 1999; Solanki and Rizvi, 2001) and milk 

protein concentrate (Hurt et al., 2015). Membrane fouling, or buildup of soil on the membrane 

surface, limits MF flux. Membrane fouling is promoted by concentration polarization, or 

accumulation of retained milk components near the surface of the membrane. Concentration 

polarization is enhanced by increased convection toward the membrane surface (i.e., higher flux) 

and increased concentrations of retained milk components (i.e., higher protein concentrations in 

the retentate). Concentration polarization is mitigated by increased back-diffusion from the 

membrane surface into the bulk flow (i.e., higher turbulence) (Belfort, 1994). The Reynolds (Re) 

number (Equation 4.1) is a dimensionless quantity which describes the degree of turbulence in 

terms of the ratio of inertial forces to viscous forces in a fluid.  

Re hD V



 
           [4.1] 

Re increases with increasing fluid density (ρ), hydraulic diameter of the flow channel (Dh), 

and average cross-flow velocity of the fluid (V), and decreases with increasing fluid viscosity (μ). 

Turbulent flow occurs at high Re (> 4,000) and is characterized by unstable mixing of the fluid 
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within the flow channel. Samuelsson et al. (1997) found that the limiting flux (LF) of a skim milk 

MF process was directly proportional to the Re in the retentate flow channels of a tubular ceramic 

membrane. However, Samuelsson et al. (1997) only studied flow conditions within a single 

membrane, so Dh was constant. Other studies which have microfiltered skim milk (Gesan-Guiziou 

et al., 1999) and milk protein concentrate (Hurt et al., 2015) using ceramic membranes with 

different retentate flow channel diameters determined that properties such as shear at the wall, 

average cross-flow velocity, and retentate viscosity predicted the LF well, but Re did not.  

Although there has been considerable focus on the determination of the LF in MF 

processing (Samuelsson et al., 1997; Gesan-Guiziou et al., 1999; Hurt et al., 2015), little has been 

done to determine the maximum protein concentration attainable before a ceramic MF membrane 

begins to foul rapidly. This value could be called a limiting retentate protein concentration 

(LRPC). Identifying the LRPC would allow processors to produce liquid MF retentates with high 

protein concentrations. Higher LRPC would allow for lower volumes of liquid MF retentates to be 

used when fortifying formulations to a given protein target. The use of highly concentrated 

retentates would reduce the need for evaporation or drying of retentates to prevent diluting other 

ingredients by the water portion of the retentates. Knowing the LRPC could also help maximize 

SP removal. Increasing the retentate protein concentration in a continuous feed-and-bleed MF 

process would require a processor to increase the concentration factor (CF). Higher CF increase 

the ratio of permeate-to-retentate produced and would increase the amount of SP removed from 

the milk in a MF stage (Hurt and Barbano, 2010). The LRPC would be reduced by increasing the 

flux or the retentate viscosity and increased by increasing the average cross-flow velocity (Hurt et 

al., 2015).  
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Because tubular ceramic MF membranes can be operated under more turbulent conditions 

than polymeric MF membranes, SP passage and flux are higher for ceramic membranes (Zulewska 

et al., 2009). The enhanced SP transmission of ceramic membranes is advantageous because it 

reduces the amount of permeate produced for a given SP removal target by reducing the amount 

of diafiltration required (Hurt and Barbano, 2010). The benefits of ceramic membranes come at 

the expense of higher capital and energy costs. Ceramic membranes are more expensive than 

polymeric membranes per unit membrane surface area (Cheryan, 1998) and the energy required to 

maintain the high retentate cross-flow velocities of tubular ceramic systems can be up to 10 × that 

of polymeric spiral wound membrane systems (Cheryan, 1998). Finding ways to reduce the energy 

expenses of ceramic systems and developing applications for high purity protein products 

produced with ceramic systems could promote growth of the ceramic membrane market. 

Maximizing the LRPC in ceramic membranes could confer a competitive advantage over 

polymeric membranes when MF retentates with high protein concentrations are desired. It remains 

unclear whether or not the enhanced turbulence caused by using tubular ceramic membranes with 

larger channel diameters would increase the LRPC relative to ceramic membranes with smaller 

channel diameters.  

Our objective was to determine the effect of ceramic membrane channel diameter (4 mm 

or 6 mm) of non-graded permeability (Zulewska et al., 2009) 100 nm pore size membranes 

operated under non-uniform transmembrane pressure conditions (Hurt et al., 2010) on the LRPC 

while microfiltering skim milk at a temperature of 50°C, a flux of 55 kg·m-2·h-1, and an average 

cross-flow velocity of 7 m·s-1.  
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MATERIALS AND METHODS 

Experimental Design 

 A completely randomized split block design was used in which membrane channel 

diameter was the whole plot factor, retentate protein concentration was the sub plot factor, and 

replicate was the blocking factor. The experiment was replicated 3 times in different weeks with 

3 different batches of pasteurized skim milk. Each replicate took place over 3 days in a week. On 

the first day, raw skim milk (750 kg) was procured from the Cornell University Dairy Plant and 

pasteurized using a plate heat exchanger equipped with 3 sections: regeneration, heating, and 

cooling (Model 080-S, AGC Engineering, Manassas, VA). Pasteurization temperature and holding 

time were 72ºC for 16 s to minimize heat denaturation of SP. The milk was cooled to 4ºC and 

stored at ≤ 6ºC in a 1,136 L stainless steel tote (Metano IBC Services, Inc., Perrineville, NJ) until 

MF processing. The second and third days were used to MF the skim milk using membranes with 

channel diameters of 4 mm or 6 mm. 

Microfiltration Operation 

On the evening before MF processing, the pilot-scale MF system (Tetra Alcross M7, 

TetraPak Filtration Systems, Aarhus, Denmark) was cleaned as described by Hurt et al., (2010). 

Briefly, the nitric acid storage solution (0.55% v / v) was flushed out of the system using 25°C 

reverse osmosis (RO) water until the flush water was neutral (15 min). The MF system was 

gradually heated (< 10°C / min) to 80°C using 85°C RO water, Ultrasil 25 (Ecolab Inc., St. Paul, 

MN) was added to the system (1.95% v / v), and the Ultrasil caustic solution was recirculated for 

30 min with the feed and retentate recirculation pumps on. After cleaning, the system was 

gradually cooled (< 10°C / min) to 50°C and the caustic solution was flushed out of the system 

using 25°C RO water until the flush water was neutral (15 min).  
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The system was equipped with either Membralox ceramic membranes with 4 mm round 

flow channels (EP3740, Pall Corp., East Hills, NY) or Membralox ceramic membranes with 6 mm 

round flow channels (EP1960, Pall Corp.). Both membranes were made of zirconia and composed 

of a selective layer (100 nm nominal pore size), an intermediate layer (0.8 μm nominal pore size), 

and a support structure (12 μm nominal pore size). For each membrane type, the system’s stainless 

steel membrane module housed 3 membrane elements. The 4 mm membranes contained 37 

retentate flow channels per element that were 4 mm in diameter and 1.02 m in length for a total 

module membrane surface area of 1.41 m2. The 6 mm membranes contained 19 retentate flow 

channels per element that were 6 mm in diameter and 1.02 m in length for a total module membrane 

surface area of 1.08 m2. Relevant measurements for both membranes are shown in Figure 17.  

The MF system was identical to the one described by Hurt et al. (2010), with the following 

exceptions: the membrane modules described above were used, a digital magnetic mass flow meter 

(model AM204DH, Yokogawa Electronic Corp., Tokyo, Japan) was used to measure the retentate 

removal rate, polypropylene beads (Borealis granulates, Pall Corp.) were used to fill the permeate 

side of the membrane module, and screened gaskets (40MPUS15, Twinco, Inc., West Falls, NY) 

were used to retain the beads within the module. The retentate flow meter was added to improve 

control of the retentate flow rate, and consequently, the CF. The additions of the beads and gaskets 

were made so that the membrane could be cleaned in UTP mode (Hurt et al., 2010) to ensure the 

permeate side of the membrane was thoroughly cleaned. When processing milk the non-graded 

permeability membranes were not operated with recirculation of MF permeate. Previous results 

by Adams et al. (2015b) found that the 4 mm non-graded permeability membranes operated well 

without uniform transmembrane pressure. 
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Figure 17. Cross sectional views of 6 mm and 4 mm round channel membrane elements with relevant measurements. 
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Pressure gauges were mounted on the system to monitor retentate pressure at the membrane 

inlet (PRi), retentate pressure at the membrane outlet (PRo), and permeate pressure at the membrane 

inlet (PPi). Permeate pressure at the membrane outlet (PPo) was calculated by adding 10 kPa to PPi 

to account for the weight of the vertical column of liquid. On the morning of processing, the MF 

system was flushed with 50°C RO water to heat the system and remove the storage acid. A clean 

membrane water flux was measured using 50°C RO water and pressure gauges were corrected to 

account for their vertical heights so that accurate TMP at the inlet and outlet and average TMP 

(TMPi, TMPo, and TMPavg, respectively) could be calculated (Hurt et al., 2010). Initial MF 

processing conditions were then set on RO water. To do this, the retentate recirculation pump was 

turned on and controlled using a variable frequency drive (MC Series, Model M12100C, Lenze 

AC Tech, Uxbridge, MA) to achieve an average cross-flow velocity of 7 m·s-1. The permeate valve 

was then opened to achieve a flux of 55 kg·m-2·h-1 and the retentate valve was opened to achieve 

a CF of 2.40 × to target an initial retentate protein concentration of 7%.  

Once processing conditions were set, the skim milk was heated to 50°C by pumping 

through a plate heat exchanger (Model 080-S, AGC Engineering) at 60°C. A prefilter was placed 

in-line and downstream of the heat exchanger that was used to warm the skim milk as a 

precautionary measure to remove any possible debris in the milk that could damage the ceramic 

membranes. The prefilter consisted of a filter housing (Nexis, 30 cm length, Pall Corp.) and a 10 

μm, polypropylene filter (Nexis T 10-30U-M7S, Pall Corp.). Skim milk was pumped directly from 

the prefilter into a 379 L jacketed vat and the prefilter was discarded after use. The skim milk was 

held in the vat at 50°C for 15 min before the MF feed source was switched from 50°C RO water 

to 50°C skim milk (360 kg) and the RO water was flushed out of the system. Permeate and retentate 

were collected into standard 38 L stainless steel milk cans, weighed, and then discarded while 
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flushing. In total, 180 kg of permeate, retentate, and RO water was collected to bring the protein 

concentration in the retentate recirculation loop to the target 7%, as determined by an mid-infrared 

(MIR) spectrophotometer (Lactoscope FTIR Advanced, Delta Instruments, Drachten, 

Netherlands). Performance of MIR at skim MF retentate protein determination is further described 

in Appendix A2.  Once the water had been flushed from the system, the retentate and permeate 

were recycled back to the feed vat and the remainder of the experiment was conducted in total 

recycle. While in recycle mode, the retentate removal rate was decreased each hour for 5 h. 

Reducing the retentate removal rate increased the retentate protein concentration in the 

recirculation loop while maintaining the permeate flux at 55 kg·m-2·h-1 (i.e., increased the CF). 

Target retentate protein concentrations for the 5 steps were 7%, 8%, 9%, 10%, and 11.5%. 

During the protein concentration-stepping procedure, permeate mass flux and CF were 

measured every 15 min by collecting retentate and permeate from the system into 2 tared 19 L 

buckets. After 2 min of collection, the buckets were weighed to the nearest g using a balance 

(Model MS32000L, Mettler Toledo, Bedford, MA) and the CF was calculated. Samples of 

permeate and retentate were collected and analyzed by MIR to monitor the composition every 15 

min. After 45 min at each protein concentration, the retentate and permeate were collected 

continuously for 15 min into separate milk cans and samples for analytical testing were collected 

from each can. The permeate and retentate that remained after sampling were added back to the 

feed vat and the protein concentration was increased. A limiting retentate protein concentration 

(LRPC) was reached when flux could no longer be maintained after increasing the retentate 

protein concentration. At this point, the system was flushed with RO water, a fouled water flux 

was determined with 50°C RO water, and the MF system was cleaned as described by Hurt et al. 

(2010). 
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Analytical Testing 

Proximate Analyses. Skim milk samples were collected prior to processing. Retentate and 

permeate  samples were collected during processing and analyzed using a calibration for milk to 

rapidly estimate fat, anhydrous lactose, and true protein (TP) using MIR (Kaylegian et al., 2006). 

The MIR analysis was done to confirm that retentate protein concentrations remained near target 

values (i.e., 7%, 8%, 9%, 10%, or 11.5%) during processing and to detect changes in SP passage 

in the permeate during a processing run. Skim milk total solids (TS), fat, total nitrogen (TN), 

nonprotein nitrogen (NPN), and noncasein nitrogen (NCN) were determined using forced air oven 

drying (AOAC, 2000; method 990.20; 33.2.44), ether extraction (AOAC, 2000; method 989.05; 

33.2.26), Kjeldahl (AOAC, 2000; method 991.20; 33.2.11), Kjeldahl (AOAC, 2000; method 

991.21; 33.2.12), and Kjeldahl (AOAC, 2000; method 998.05; 33.2.64), respectively. Skim milk 

NCN preparation was modified by increasing the amounts of sodium acetate (1 N) and acetic acid 

(10% v / v) from 1 mL each to 5.5 mL each to fully precipitate CN (Wojciechowski and Barbano, 

2012). Crude protein (CP) was calculated by multiplying TN by 6.38, TP was calculated by 

subtracting NPN from TN and multiplying by 6.38, CN was calculated by subtracting NCN from 

TN and multiplying by 6.38, and SP was calculated by subtracting NPN from NCN and 

multiplying by 6.38. Retentate and permeate samples from each protein concentration step were 

analyzed for TS, TN, and NPN using the same methods as the skim milk samples and TP was 

calculated. The pH of the skim milk, permeates, and retentates were measured during processing 

with a solid polymer electrode (HA405-DXK-S8/120, Mettler-Toledo) and an Accumet 915 pH 

meter (Fisher Scientific, Pittsburgh, PA) that was calibrated at 50°C using standard pH 4 and 7 

buffer solutions (SB101, SB107, Fisher Scientific). All skim milk, permeate, and retentate TN, 

NPN, and NCN samples were immediately refrigerated at < 4°C and analyzed within 24 h of 
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processing. All skim milk, permeate, and retentate TS and fat samples were immediately frozen at 

-80°C until analysis.  

Apparent Viscosity Measurement 

 Apparent viscosities of all skim milks and retentates were measured using a rotational 

viscometer (LV-DV2T, Brookfield Engineering Laboratories, Inc., Middleboro, MA) equipped 

with a jacketed cup and bob fixture (Enhanced UL Adapter, Brookfield Engineering Laboratories, 

Inc.). All skim milks and retentates were measured at 50 ± 1°C at a constant shear rate of 73 s-1. 

Temperature was maintained by placing 16 mL of tempered sample into the cup and circulating 

50°C water through the jacket during measurement. Each sample measurement reflected the 

average viscosity obtained under 30 s of shear after a 20 s shear equilibration period.  

 In addition, retentate apparent viscosities were measured at 4°C, 20°C, and 50°C at a 

constant shear rate of 12 s-1. This testing was performed to determine the effect of temperature on 

retentate viscosity. The shear rate (12 s-1) was chosen to maximize the number of measurements 

made in which the torque on the viscometer’s spindle was between 10% and 100% of its maximum 

range. Operating the viscometer within this range improves measurement accuracy, according to 

the manufacturer (Brookfield Engineering Laboratories, Inc., 2014). Viscosities were log 

transformed and plotted in Excel (Microsoft, Redmond, WA) at each temperature to derive linear 

regression equations to predict viscosity as a function of protein concentration. A comprehensive 

model relating skim milk MF retentate viscosity to protein concentration and temperature is 

described in Appendix A5. 

Permeate Relative Whiteness Values 

 Hunter L values for all permeates were determined in duplicate with a Macbeth Color-Eye 

spectrophotometer (Model 2020; Kollmorgen Instruments, Corp., Newburgh, NY) with ProPalette 
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software (Version 5.0; Kollmorgen Instruments, Corp., Newburgh, NY). A white color tile was 

used as a reflectance standard and was measured at the beginning of each session to verify 

instrument performance. Hunter values were computed from the diffuse reflectance of light in the 

360 to 750 nm range, at 10 nm intervals, based on illuminant A. The measurements were made at 

24 ± 1ºC using a 1 cm path length glass cuvette. Because the permeates were transparent and the 

cuvette was placed against a black background, these L values should not be considered whiteness 

values, but rather relative whiteness values (LR) (Adams et al., 2015b).  

Hydrodynamic Conditions 

Reynolds Numbers. Reynolds numbers were calculated for the retentates at each protein 

concentration step according to Equation 4.1, where ρ is the retentate density at 50°C (kg·m-3), Dh 

is the membrane hydraulic diameter (0.004 m or 0.006 m), V is the average retentate cross-flow 

velocity (m·s-1), and μ is the retentate viscosity at 50°C (Pa·s). Retentate densities at 7%, 8%, 9%, 

10%, and 11.5% TP were calculated to be 1038, 1042, 1046, 1050, and 1056 kg·m3, respectively, 

by interpolation of the milk density calculations described by the USDA (1965). This calculation 

predicted the density of 50°C skim MF retentate at pH 6.5 observed by Solanki and Rizvi (2001) 

within 0.6% of the measured value and the density of 50°C skim MF retentate observed by Adams 

et al. (2015a) within 0.4% of the measured value. Further details on the density calculations 

described above can be found in Appendix A4. 

Computational Fluid Dynamics. The turbulent fluid flow analysis module of COMSOL 

Multiphysics (Version 4.3b, Stockholm, Sweden) was used to model radial velocity distributions 

in both the 4 mm and 6 mm retentate flow channels at a retentate protein concentration of 9%. 

Channel geometries were drawn in 3D using COMSOL and meshing was set to the fluid dynamics 

preset value of “finer.” The Reynolds-averaged Navier-Stokes k-ω model parameters were: α = 
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0.52, σk* = 0.5, σω = 0.5, β0 = 0.072, β0* = 0.09, κv = 0.41, B = 5.2. Assumptions included turbulent, 

stationary flow of an incompressible fluid with dynamic viscosity = 1.78 mPa·s and density = 1046 

kg·m-3. Because axial flow through the membrane channels (i.e., retentate cross-flow) was 

approximately 500 × the radial flow through the membrane channels (i.e., permeation through the 

membrane), radial flow was neglected. The channel inlet boundary condition was an average cross-

flow velocity of 7 m·s-1 and the channel outlet boundary condition was a gauge pressure of 237 

kPa. A “wall functions” boundary condition was set at the wall. This approximated velocity near 

the wall and did not assume it to be equal to 0 m·s-1. This assumption reduces computational 

requirements and is a valid approach for practical engineering applications when flow is highly 

turbulent (COMSOL, 2013). A stationary iterative solver (400 iterations maximum) was used to 

solve the Navier-Stokes equations. Data was visualized by slicing a cross-sectional area from the 

center of each channel. 

Retentate Recirculation Pump Energy 

The energy required to operate the retentate recirculation pump at a retentate protein 

concentration of 9% was calculated according to Equation 4.2 (Cheryan, 1998), where EQ is the 

energy required per unit volume of permeate produced (kW·h·m-3), ∆P is the longitudinal pressure 

drop across the membrane (Pa), Q is the retentate recirculation rate (m3·s-1), J is the flux (L·m-2·h-

1), A is the module membrane surface area (m2), and η is the pump efficiency (-). The value for η 

was assumed to be 0.65 (Mulder, 1994).  

 Q

P Q
E

J A 

 


 
           [4.2] 

Statistical Analysis 

Data were analyzed by ANOVA using the Proc GLM procedure of SAS (SAS version 9.4, 

SAS Institute Inc., Cary, NC). To detect differences (P < 0.05) in composition among skim milks 
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used with the different membranes, the general linear model (GLM) was dependent variable = 

membrane + replicate + error where replicate was considered a random variable. To detect 

differences (P < 0.05) in processing variables, retentates, and permeates among membranes at a 

given retentate protein concentration, the GLM was dependent variable = membrane + replicate + 

error where replicate was a random variable. To determine if processing variables, retentate 

compositions, or permeate compositions were changing as a function of retentate protein 

concentration, retentate protein concentration was treated as a continuous sub plot variable in the 

split plot ANOVA models. Distortion of the ANOVA by multicollinearity in the model was 

minimized by transforming the protein concentrations (Glantz and Slinker, 2001). Protein was 

transformed as follows: transformed protein = protein – [(highest protein concentration + lowest 

protein concentration) / 2]. This transformation made the data set orthogonal with respect to protein 

concentration. The split plot ANOVA model was dependent variable = membrane + replicate + 

membrane × replicate + protein + membrane × protein + protein × protein + membrane × protein 

× protein + error. Because membrane was a whole plot factor in the split block design, its 

significance was tested using membrane × replicate as the error term. 

RESULTS AND DISCUSSION 

Proximate Compositions of Skim Milk, Retentates, and Permeates 

Skim Milk Composition. The mean compositions of the skim milks used to feed the 4 mm 

and 6 mm membrane systems are shown in Table 20. The mean CN%TP of the raw skim milk 

(80.0 ± 0.1%) and pasteurized skim milk were not different (P > 0.05). This indicated that very 

little SP was bound to the CN micelles due to SP heat denaturation during pasteurization. The 4 

mm system skim milk was slightly higher (P < 0.05) in SP than the 6 mm system skim milk. This 

caused the 4 mm system skim milk SP in the permeate portion of the feed to the higher (P < 0.05) 
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and CN%TP to be lower (P < 0.05) than those of the 6 mm system skim milk. Because the 

difference in skim milk SP between the membrane systems was small (0.01%) and assessing SP 

removal was not a goal of this study, this difference in SP (Table 20) was not considered important. 

No other differences (P > 0.05) in composition were noted between the skim milks used to feed 

the 2 systems. 

Table 20. Mean (n = 3) compositions1 and apparent viscosities2 

of skim milks used to feed the 4 mm and 6 mm round channel 

microfiltration processes 

 4 mm 6 mm SE R2 

TS (%)     9.263      9.288    0.016 0.87 

Fat (%) 0.133 0.133 0.012 0.43 

CP (%)     3.421      3.428    0.014 0.82 

NPN (%)     0.166      0.169    0.005 0.69 

NCN (%)     0.812      0.806    0.007 0.50 

TP (%)     3.255      3.258    0.010 0.94 

CN (%)     2.609      2.622    0.008 0.96 

SP (%)     0.646a      0.636b    0.002 0.94 

SPpermeate portion (%)     0.663a      0.653b    0.002 0.94 

CN%TP (%)   80.2b    80.5a    0.034 0.99 

pH (-)     6.46      6.46    0.016 0.87 

Apparent viscosity     0.93      0.93    0.008 0.53 
a-b Means within the same row not followed by the same letter are 

different (P < 0.05). 
1 TS = total solids; CP = crude protein = total N × 6.38; NPN = 

nonprotein N × 6.38; NCN = noncasein N × 6.38; TP = true 

protein = CP – NPN; CN = casein = TN – NCN; SP = serum 

protein = NCN – NPN; SPpermeate portion = (SP / (100 – CN)); 

CN%TP = (CN / TP) × 100. 
2 Viscosity measured at 50°C at a shear rate of 73 s-1. 

 

Retentate Composition. The mean retentate compositions for both membrane systems at 

each protein concentration step are shown in Table 21. Within each protein group (i.e., 7%, 8%, 

9%, 10%, or 11.5% TP), no differences (P > 0.05) in composition were noted between the 

retentates produced using the 4 mm and 6 mm systems (Table 21). As expected, when the CF was 

increased, retentate CP, NPN, TP, and TS increased (P < 0.05) for both the 4 mm and 6 mm 
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membrane systems (Table 22). These increases were only due to changes in the CF and were not 

affected (P > 0.05) by the membrane used (Table 22).  

Table 21. Mean (n = 3) retentate compositions1 during 

microfiltration of skim milk at 50°C using membranes with 4 mm 

or 6 mm channel diameters at 7%, 8%, 9%, 10%, or 11.5% protein 

in the retentate recirculation loop 

 TS CP NPN TP pH 

4 mm 7% 13.407   7.283 0.162   7.121 6.46 

6 mm 7% 13.401   7.317 0.166   7.151 6.46 

SE   0.122   0.148 0.009   0.149  <0.01 

R2 0.55    0.25   0.30    0.23  >0.99 

4 mm 8% 14.488   8.311 0.160   8.151 6.46 

6 mm 8% 14.315   8.187 0.158   8.029 6.46 

SE   0.095   0.127 0.005   0.131  <0.01 

R2 0.75    0.71   0.90    0.68  >0.99 

4 mm 9% 15.374   9.092 0.164   8.928 6.46 

6 mm 9% 15.478   9.218 0.170   9.048 6.46 

SE   0.130   0.159 0.006   0.164  <0.01 

R2 0.52    0.50   0.74    0.50  >0.99 

4 mm 10% 16.401 10.070 0.164   9.906 6.45 

6 mm 10% 16.594 10.317 0.167 10.150 6.44 

SE   0.371   0.374 0.007   0.379  <0.01 

R2 0.39    0.32   0.26    0.31    0.60 

4 mm 11.5% 18.049 11.635 0.170 11.465 6.37 

6 mm 11.5% 18.064 11.687 0.175 11.511 6.37 

SE   0.268   0.261 0.013   0.256 0.02 

R2 0.29 0.05   0.42 0.06 0.88 
1 TS = total solids; CP = crude protein = total N × 6.38; NPN = 

nonprotein N × 6.38; TP = true protein = CP – NPN.  

Means within the same protein group are not different (P > 0.05). 

 

Retentate pH decreased nonlinearly, as evidenced by a significant (P < 0.05) protein × protein term 

in the ANOVA model (Table 22). Though this decrease in pH was correlated with processing time, 

it was not thought to be due to microbial acid production over time. The trend in which the pH 

suddenly decreased from 6.46 to 6.37 as the retentate protein concentration exceeded 10% (Table 

21) was repeatable among all 3 replicates in this study and had not been observed in other MF 

studies (Adams et al., 2015a; Adams et al., 2015b) conducted using similar processing conditions 
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with retentate protein concentrations of 8.5%. Anema (2009) showed that increasing the TS of 

skim milk from 9.6% to 19.2% at 50°C caused a 0.2 unit reduction in pH. The reduction in pH was 

attributed to the increase in ionic component concentrations of the milk and possibly calcium 

phosphate precipitation (Anema, 2009). Although ionic species not associated with the CN 

micelles were not concentrated by MF in the present work, the pH reduction was also not as large 

as that observed by Anema (2009). Further, mixing of the lower pH 11.5% TP MF retentate and 

the lower pH MF permeate produced in the present work in a 1:3.13 to bring the concentration of 

TP back to that of skim milk resulted in an average increase in pH of 0.04 units at 50°C (data not 

shown), near that of the original milk pH (Table 20). This increase in pH of the mixture would not 

happen if the reduction of pH of the retentate and permeate was caused by microbial growth. 

Consequently, the pH decrease observed at high retentate protein concentrations (Table 21) may 

have been due to milk protein-mineral equilibrium changes due to concentration of the CN 

micelles. More work is needed to verify this hypothesis. 

Permeate Composition. The mean permeate compositions for both membrane systems at 

each protein concentration step are shown in Table 23. Permeate produced using the 4 mm system 

was lower (P < 0.05) in CP and TP than permeate produced using the 6 mm system when the target 

retentate protein concentration was below 11.5% (Table 23). The variation in permeate TP can be 

attributed to differences in membrane manufacturing tolerances. Similar differences in protein 

passage between different ceramic MF membranes have been noted in a previous study (Adams et 

al., 2015b) in which only 1 membrane module for each membrane type was used for comparison. 

In order to make valid conclusions regarding differences in protein removal among membranes of 

different designs, it would be necessary to test different lots of each membrane of interest. When 

the retentate protein concentration was increased to 11.5%, both membranes began to foul rapidly  
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Table 22. Analysis of variance df and variance explained (%)1 for retentate and permeate compositions, retentate viscosity, and permeate 

color during microfiltration of skim milk at 50°C using membranes with 4 mm or 6 mm channel diameters at 7%, 8%, 9%, 10%, or 

11.5% protein in the retentate recirculation loop 

 Whole 

Plot2 

 Sub Plot    

Processing parameter Membrane             

 

(df = 1) 

 Protein                             

 

(df = 1) 

Membrane  

× protein                        

(df = 1) 

Protein × 

protein                      

(df = 1) 

Membrane × 

protein × protein 

 (df = 1) 

 Error 

 

(df = 20) 

R2 

   Retentate 

Crude protein     <0.01      100.00*       <0.01     <0.01         <0.01     <0.01 >0.99 

Nonprotein nitrogen 1.59  22.65*         0.39       3.72           0.15     71.50   0.60 

True protein     <0.01      100.00*       <0.01     <0.01         <0.01     <0.01 >0.99 

Total solids 0.01  99.95*       <0.01     <0.01         <0.01       0.04 >0.99 

pH 0.23  37.76*         0.01     21.54*           0.28     40.18   0.68 

Viscosity 0.03  98.53*         0.34       0.13           0.16       0.81    >0.99 

 Permeate 

Crude protein     28.40         2.53         9.12*    37.84*          4.56*     17.55      0.84 

Nonprotein nitrogen       7.39       68.26*         0.80      3.30          0.06     20.17      0.87 

True protein     25.30         0.11       11.89*    37.60*          5.51*     19.59      0.84 

Total solids     31.94       13.06*         5.42*    33.32*          4.81*     11.45      0.90 

pH       2.70       28.91*         0.02    20.47*           2.35     45.56      0.65 

LR
3     12.62         1.28         2.62    10.01          0.16     73.31      0.97 

* Factor was significant (P < 0.05) at determining component or color. 
1 Variance explained = (factor type III SS) / (membrane + protein + membrane × protein + protein × protein + membrane × protein × 

protein type III SS) × 100. 
2 Whole plot factor (membrane) significance was tested using membrane × replicate as the error term. 
3 LR value is an indicator of permeate turbidity. Higher LR values indicate higher turbidity and whiteness. 
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and no differences (P > 0.05) in CP or TP were detected between the systems. Permeate CP and 

TP initially increased (P < 0.05) with increasing retentate protein concentration, then decreased (P 

< 0.05) as the membrane began to foul (Table 22). 

Table 23. Mean (n = 3) permeate compositions1 and relative whiteness values 

(LR)2 during microfiltration of skim milk at 50°C using membranes with 4 mm 

or 6 mm channel diameters at 7%, 8%, 9%, 10%, or 11.5% protein in the 

retentate recirculation loop 

 TS CP NPN TP pH LR 

4 mm 7% 6.366  0.664b  0.166b  0.498b 6.51 19.903a 

6 mm 7% 6.430  0.699a  0.171a  0.528a 6.51 19.873b 

SE 0.020   0.007 <0.001 0.008  <0.01   0.007 

R2   0.89   0.94   0.98   0.91 0.98 >0.99 

4 mm 8% 6.386  0.677b 0.168  0.509b 6.51 19.904 

6 mm 8% 6.472  0.708a 0.170  0.538a 6.52 19.897 

SE 0.026   0.006 <0.001 0.006 0.01   0.008 

R2   0.89   0.95   0.98   0.95 0.85 >0.99 

4 mm 9% 6.424  0.689b 0.174  0.515b 6.51 19.914 

6 mm 9% 6.501  0.720a 0.177  0.543a 6.52 19.888 

SE 0.041   0.007 0.002 0.006 0.01   0.020 

R2   0.73   0.94   0.87   0.96 0.77   0.98 

4 mm 10% 6.443  0.694b  0.172b  0.522b 6.50 19.904 

6 mm 10% 6.496  0.719a  0.180a  0.539a 6.50 19.894 

SE 0.023   0.001   0.002 0.002 0.01   0.009 

R2   0.82 >0.99   0.97 >0.99 0.50 >0.99 

4 mm 11.5% 6.429   0.686 0.176 0.510 6.46 19.897 

6 mm 11.5% 6.411   0.670 0.180 0.490 6.45 19.865 

SE 0.044 0.027 0.004 0.029 0.04   0.021 

R2   0.37   0.38   0.79   0.42 0.65   0.96 
1 TS = total solids; CP = crude protein = total N × 6.38; NPN = 

nonprotein N × 6.38; TP = true protein = CP – NPN.  

2 Higher LR values indicate higher turbidity and whiteness. 
a-b Means within the same protein group not followed by the same 

letter are different (P < 0.05). 

 

 

Beckman and Barbano (2013) noted that as retentate TP was increased from 4.48 to 7.71% 

during MF of skim milk using polymeric membranes, permeate SP increased from 0.19 to 0.32%. 

Beckman and Barbano (2013) attributed the increase in permeate SP to a higher SP concentration 

near the surface of the membrane as the retentate TP increased. Because SP concentrations in the 
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permeates of Beckman and Barbano (2013) and SP concentrations in the permeates in the present 

study (Table 23) were lower than in skim milks used to feed the 2 studies’ respective MF systems 

(skim milk SP = 0.59% in Beckman and Barbano (2013) and Table 20, respectively), the initial 

increase in permeate TP with increasing retentate protein concentration (from 7% retentate TP to 

10% retentate TP) might be attributed to enhanced concentration polarization near the membrane 

surface when fouling was low. The extent of the changes in permeate TP was dependent on the 

membrane used, as evidenced by a membrane × protein interaction (P < 0.05) (Table 22). Permeate 

TS also increased (P < 0.05) initially, then decreased (P < 0.05) as the membrane began to foul 

due to differences in TP (Table 22). Permeate NPN increased (P < 0.05) as retentate TP increased 

(Table 22). Permeate pH decreased in the same manner as retentate pH as retentate protein 

concentration increased and can likely be explained by the same phenomenon.  

Permeate Relative Whiteness Values 

 Colloidal CN micelles scatter light and cause skim milk to appear white. The presence of 

CN micelles in MF permeates, even at levels as low as 0.01% w / w, have been demonstrated to 

increase LR values and make the permeates whiter relative to permeates with lower levels of CN 

micelle contamination (Adams et al., 2015b). Skim milk permeates produced using a MF 

membrane that retained almost all of the CN micelles have exhibited LR values below 20 

(Zulewska et al., 2009; Adams et al., 2015b), low levels of CN in the permeate (< 0.005%), and 

appeared less opaque than skim milk permeates produced using a membrane that passed CN 

micelles into the permeate (Adams et al., 2015b). In the present study, all permeates were clear 

and all had LR values below 20 (Table 23). This suggested that few to no CN micelles were present 

in the MF permeates produced by both membranes and that differences in protein passage between 

membranes was due either to SP or soluble CN.  
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Apparent Viscosities of Skim Milk and Retentates 

 Skim milk apparent viscosity (shear rate = 73 s-1) at 50°C was 0.93 mPa·s (Table 20), 

similar to the viscosity of skim milk reported by Fernandez-Martin (1972). Retentate apparent 

viscosities (shear rate = 73 s-1) at 50°C increased (P < 0.05) with increasing retentate protein 

concentrations (Table 22), but were not affected by the membrane type (Tables 21, 22). Compared 

to skim milk MF retentate apparent viscosities measured by Solanki and Rizvi (2001) (pH adjusted 

to 6.5 with glucono-δ-lactone, 50°C, shear rate = 1350 s-1), retentate viscosities in the present study 

were about 7% higher at the same TS concentration. Skim milk MF retentates with CN 

concentrations < 10% behave as Newtonian liquids above 40°C, but retentates with CN 

concentrations above 12.5% exhibited mild shear thinning at 60°C (Sauer et al., 2012). Because 

the highest retentate CN concentrations in the present study would have been between 10 and 

12.5%, differences in apparent viscosity between the present study and that of Solanki and Rizvi 

(2001) could be due to differences in viscometers, shear rates, or a combination of the two. 

 Retentate viscosities were also measured at 4, 20, and 50°C at a shear rate of 12 s-1 and log 

viscosities were plotted as a function of TP concentration at each temperature (Figure 18). 

Viscosity increased exponentially with decreasing temperature, as expected (Sauer and Moraru, 

2012). Amelia and Barbano (2013) noted that high protein micellar CN concentrates (22% TS, 

18% TP) formed thermo-reversible gels when stored at 4°C. Whether or not MF retentates form 

these gels would be a practical concern in a manufacturing facility. Liquid MF retentates may need 

to be held at < 4°C after processing. If the retentate forms a gel upon cooling, it may be difficult 

to pump from a holding tank to another point in the manufacturing facility. None of the retentates 

in the present study exhibited gel-like behavior when refrigerated for up to 72 h, so gelling is not 

expected to be a problem with skim milk MF retentates at TP concentrations below 11.5%. 
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Figure 18. Retentate log apparent viscosity (shear rate = 12 s-1) as a function of retentate protein 

concentration at 4°C, 20°C and 50°C. Data from all 3 replicates are shown. 
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MF Processing Data  

 Temperature was maintained at 50°C and was not affected (P > 0.05) by the membrane 

used or retentate protein concentration (Table 24). Permeate flux was maintained at 55 kg·m-2·h-1 

throughout the study. Increasing the retentate protein concentration caused a slight decrease (P < 

0.05) in permeate flux (flux > 52.5 kg·m-2·h-1) as fouling progressed near the end of the 11.5% 

protein step. The permeate removal rate was lower (P < 0.05) for the 6 mm system because the 

membrane surface area was lower and flux was constant. Because flux was controlled, retentate 

protein concentration was adjusted by decreasing (P < 0.05) the retentate removal rate (i.e., 

increasing the CF) (Table 24). The retentate removal rate was lower (P < 0.05) for the 6 mm system 

because the membrane surface area was lower (Table 24). 

Pressures. At each retentate protein concentration, the 4 mm system PRi was higher (P < 

0.05) than the 6 mm system PRi (Table 25). Because no differences (P > 0.05) in PRo between the 

4 mm and 6 mm systems were observed, ∆P was only affected by PRi and was higher (P < 0.05) 

for the 4 mm system at each retentate protein concentration (Table 25). The differences in PRi and 

∆P observed between the systems in this study were due to the difference in membrane channel 

diameter. In a round flow channel, ∆P is directly proportional to cross-flow velocity (i.e., retentate 

recirculation rate) and inversely proportional to channel diameter. In laminar flow, the Hagen-

Poiseuille equation (Equation 4.3) can be used to predict how ∆P changes over the length, L, of a 

channel as a function of recirculation rate, channel hydraulic diameter, and fluid viscosity. 
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Because flow was highly turbulent (Re > 4,000), the Hagen-Poiseuille equation cannot be used in 

this instance, but the direction of the relationship described by the equation remains valid. Relative 

to 4 mm ceramic Membralox GP membranes, Hurt et al. (2015) observed that 3 mm Membralox 
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Table 24. Analysis of variance df and variance explained (%)1 for processing parameters2 during microfiltration of skim milk at 50°C 

using membranes with 4 mm or 6 mm channel diameters at 7%, 8%, 9%, 10%, or 11.5% protein in the retentate recirculation loop 

 Whole Plot3  Sub Plot    

Processing parameter Membrane             

 

(df = 1) 

 Protein                             

 

(df = 1) 

Membrane 

× protein                        

(df = 1) 

Protein × 

protein                      

(df = 1) 

Membrane × 

protein × protein 

 (df = 1) 

 Error 

 

(df = 20) 

R2 

Temperature        3.49        9.03         2.72       1.58            6.13    77.05   0.29 

Retentate flow rate        6.54*      80.84*         1.73*       8.62*          <0.01      2.27   0.98 

Permeate flow rate      99.62*      <0.01         0.13*     <0.01          <0.01      0.24 >0.99 

Concentration factor        0.05      82.68*       <0.01       0.03            0.23    17.01   0.85 

Mass flux      26.48      20.64*         1.80       0.22            2.36    48.50   0.77 

Recirculation pump frequency      88.46*      11.21*         0.16*     <0.01          <0.01      0.15 >0.99 

Recirculation rate      99.90*      <0.01         0.01*     <0.01          <0.01      0.03 >0.99 

Average cross-flow velocity        1.30        2.40       13.52       8.77          10.87    63.13   0.51 

Reynolds number      31.99*      64.52*         1.76*       1.24*            0.11*   0.38 >0.99 

PRi      92.81*        6.98*         0.08*     <0.01            0.01   0.12 >0.99 

PPi        0.42      57.56*         0.60     26.84*            1.11    13.47   0.90 

TMPi      19.03*      54.47*         0.22     17.25*            0.61  8.42   0.94 

PRo        7.10        2.03         3.63       5.70            0.05    81.48   0.90 

PPo        0.42      57.56*         0.60     26.84*            1.11    13.47   0.90 

TMPo        0.50      57.70*         0.64     26.44*            1.12    13.61   0.90 

TMPavg        4.81      59.96*         0.41     22.62*            0.88    11.33   0.91 

∆TMP      92.92*        6.87*         0.10*       0.02            0.01  0.08 >0.99 

∆P      93.03*        6.76*         0.10*       0.02            0.01  0.08 >0.99 

* Factor was significant (P < 0.05) at determining processing parameter. 
1 Variance explained = (factor type III SS) / (membrane + protein + membrane × protein + protein × protein + membrane × protein × 

protein type III SS) × 100. 
2 PRi = inlet retentate pressure; PRo = outlet retentate pressure; ΔP = PRi – PRo; PPi = inlet permeate pressure; Ppo = outlet permeate 

pressure; TMPi = transmembrane pressure at the inlet; TMPo = transmembrane pressure at the outlet; ∆TMP = TMPi - TMPo. 
3 Whole plot factor (membrane) significance was tested using membrane × replicate as the error term. 
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Table 25. Mean (n = 3) gauge pressures1 (kPa) during microfiltration of skim milk at 50°C using 

membranes with 4 mm or 6 mm channel diameters at 7%, 8%, 9%, 10%, or 11.5% protein in 

the retentate recirculation loop 

 PRi PRo ΔP PPi PPo TMPi TMPo ∆TMP 

4 mm 7% 400a  237  164a   242a  252a  174a   -20b  194a 

6 mm 7% 323b  237    86b   230b  240b  110b     -7a  117b 

SE  2.0    <0.1   2.0    1.9      1.9   2.5   2.3   2.9 

R2   >0.99    >0.99   >0.99      0.97      0.97   >0.99      0.96   >0.99 

4 mm 8%  404a  237  167a  239a  249a  181a  -17b  197a 

6 mm 8%  327b  237    90b  227b  237b  117b    -4a  121b 

SE   0.8      0.8      1.6      2.1      2.1      2.7      1.9      1.8 

R2   >0.99      0.90    >0.99      0.96      0.96    >0.99      0.97    >0.99 

4 mm 9%  408a  237  172a  234a  244a  189a   -12b  202a 

6 mm 9%  332b  237    94b  223b  233b  125b      0a  125b 

SE   0.4      0.8      1.1      2.3      2.3      2.0      2.5      1.1 

R2   >0.99      0.90    >0.99      0.95      0.95    >0.99      0.95    >0.99 

4 mm 10% 415a  237  178a  220  230  210a      2  208a 

6 mm 10% 336b  237    99b  206  216  146b    17  130b 

SE  2.2      1.4      1.6      4.1      4.1      5.4      5.0      0.7 

R2  >0.99      0.75    >0.99      0.91      0.91      0.99      0.87    >0.99 

4 mm 11.5% 423a  236  187a  145  155  294    77  217a 

6 mm 11.5% 342b  237  105b    90  100  268  133  135b 

SE     1.1      1.9      1.5    30.6    30.6    32.3    30.9      2.3 

R2   >0.99      0.66    >0.99      0.83      0.83      0.74      0.83    >0.99 
a-b Means within the same protein group not followed by the same letter are different (P < 0.05). 

1 PRi = inlet retentate pressure; PRo = outlet retentate pressure; ΔP = PRi – PRo; PPi = inlet permeate 

pressure; Ppo = outlet permeate pressure; TMPi = transmembrane pressure at the inlet; TMPo = 

transmembrane pressure at the outlet; ∆TMP = TMPi - TMPo. 

 

GP membranes had a lower average cross-flow velocity when operated at the same ∆P (220 kPa) 

when microfiltering milk protein concentrate. This relationship implies that at a constant retentate 

viscosity and ∆P, a system equipped with 6 mm membrane could be operated at a higher cross-

flow velocity than a system with 4 mm membranes. 

Both PRi and ∆P also increased (P < 0.05) with increasing retentate protein concentration 

due to the increase in retentate viscosity (Table 26). Because PRi was higher for the 4 mm system 

than the 6 mm system, PPi and PPo were higher (P < 0.05) for the 4 mm system before the 

membranes began to foul (i.e., retentate protein < 10%)  (Table 25).
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Permeate pressures (PPi and PPo) decreased nonlinearly (P < 0.05) as retentate protein concentration 

increased due to an increase in concentration polarization and membrane fouling (Table 24). The 

decreases in permeate pressures and increases in PRi caused by higher retentate protein 

concentrations caused TMPi, TMPo, and TMPavg to increase (P < 0.05) at higher retentate protein 

Table 26. Mean (n = 3) retentate flow dynamic data  during microfiltration of skim milk at 50°C 

using membranes with 4 mm or 6 mm channel diameters at 7%, 8%, 9%, 10%, or 11.5% protein 

in the retentate recirculation loop 

 Recirculation  

rate 

(L·min-1) 

Average cross-

flow velocity 

(m·s-1) 

Recirculation 

pump frequency 

(Hz) 

Apparent 

viscosity  

(mPa·s)1 

Reynolds  

number 

(-)2 

4 mm 7%      587.8b         7.02 58.1a 1.38 21,200b 

6 mm 7%      676.3a         6.99 52.4b 1.37 31,700a 

SE          2.19         0.03   0.13 0.04     765 

R2        >0.99         0.61 >0.99 0.01           >0.99 

4 mm 8%      586.7b         7.01a 58.5a 1.58 18,500b 

6 mm 8%      676.5a         7.00b 52.8b 1.55 28,300a 

SE          0.16       <0.01   0.13 0.01     145 

R2        >0.99         0.98 >0.99 0.85           >0.99 

4 mm 9%      586.3b         7.01 58.9a 1.79 16,300b 

6 mm 9%      676.8a         7.00 53.2b 1.78 24,600a 

SE          0.93         0.01   0.09 0.05    567 

R2        >0.99         0.39 >0.99 0.29           >0.99 

4 mm 10%      585.8b         7.00 59.6a 2.04 14,400b 

6 mm 10%      676.9a         7.00 53.6b 2.09 21,200a 

SE          1.01         0.01   0.30 0.16       1,451 

R2        >0.99         0.09 >0.99 0.26             0.94 

4 mm 11.5%      586.8b         7.01 60.3a 2.51 11,800b 

6 mm 11.5%      676.9a         7.00 54.2b 2.34 19,000a 

SE          0.46       <0.01   0.14 0.07    472 

R2        >0.99         0.87 >0.99 0.80          >0.99 
a-b Means within the same protein group not followed by the same letter are different (P < 

0.05). 
1 Viscosity measured at 50°C at a shear rate of 73 s-1. 
2 Reynolds number = density (kg·m-3) × hydraulic diameter (0.004 m or 0.006 m) × average 

cross-flow velocity (m·s-1) / retentate viscosity (Pa·s). 
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concentrations (Table 24). Because TMPi was calculated based on PRi, TMPi was higher for the 4 

mm membrane prior to membrane fouling (i.e., retentate protein < 10%).  

Negative TMPo (Table 25) indicated Starling flow, or flow from the permeate side of the 

membrane to the retentate side of the membrane (Zulewska et al., 2009), at the membrane outlets 

in both systems. This condition is detrimental to the MF process because it reduces the amount of 

membrane area that can be used for separation. Starling flow was less severe (i.e., TMPo was 

higher (P < 0.05)) in the 6 mm system at the 7, 8, and 9% retentate protein concentrations (Table 

25). Starling flow was resolved as PPi and PPo began to decrease due to membrane fouling at 10% 

retentate protein (Table 25). Because PRo was constant, the enhanced Starling flow observed in the 

4 mm system was due to the 4 mm system’s higher permeate pressure caused by higher PRi.  

Hydrodynamic Conditions. Because average cross-flow velocity was controlled in this 

study, it was not affected (P > 0.05) by the membrane used or the retentate protein concentration 

(Table 26). Because the cross-flow velocity was constant and the total open channel area of the 6 

mm membrane was higher than that of the 4 mm membrane (Figure 17), the retentate recirculation 

rate required to achieve the target cross-flow velocity was higher (P < 0.05) for the 6 mm system 

(Tables 24, 26). Retentate recirculation rates tended to decrease with increasing retentate protein 

concentration in the 4 mm membrane and increase with increasing retentate TP concentration in 

the 6 mm membranes (Table 26). These differences were small (< 0.4%) and only statistically 

detected because of the low variation of the retentate recirculation rate (Table 24). The retentate 

recirculation pump was equipped with a variable frequency drive which allowed us to control the 

average cross-flow velocity by increasing or decreasing pump frequency. The pump frequency 

required to maintain the average cross-flow velocity was higher for the 4 mm membranes at all 

retentate protein concentration steps (Tables 24, 26). As retentate protein concentration increased, 
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retentate viscosity increased and the pump frequency had to be increased to maintain cross-flow 

velocity (Tables 24, 26). The significant membrane × protein term in the ANOVA model (Table 

24) suggests that the rate of increase in frequency was higher for the 4 mm membrane than it was 

for the 6 mm membrane. Reynolds numbers were calculated for both membranes at each protein 

concentration step. Because cross-flow velocity was constant, Re were only affected by the 

channel diameter, retentate density, and retentate viscosity. At any given retentate protein 

concentration, the 6 mm system Re was higher than that of the 4 mm system (Table 26) due to the 

increase in turbulence caused by the larger channel diameter (Equation 4.1).  

 The radial shear rate and velocity distributions within the 4 mm and 6 mm membrane 

channels are shown in Figure 19. As expected, shear rates were highest and velocities were lowest 

near the membrane surface in both channels. Decreasing the channel diameter at a constant cross-

flow velocity should increase the shear rate at the membrane surface (Hurt et al., 2015). The shear 

rate at the membrane surface was slightly higher for the 4 mm membrane (17,300 s-1) than for the 

6 mm membrane (14,900 s-1), but velocity profiles were similar between the 2 channel diameters 

(Figure 19). 

Limiting Retentate Protein Concentrations 

As the retentate protein concentration increases, higher concentrations of CN micelles are 

present in the retentate recirculation loop and near the surface of the membrane. This increases 

concentration polarization, which leads to membrane fouling. The concept of critical, sustainable, 

and limiting fluxes are well documented (Bacchin et al., 2006; Hurt et al., 2015). However, their 

retentate protein counterparts (critical, sustainable, and limiting retentate protein concentrations) 

are not as widely studied. The LRPC, like the LF, will depend on the hydrodynamic conditions of 

the system and the viscosity of the retentate. Because the 6 mm system was operated at a higher  
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Figure 19. Radial shear rate and cross-flow velocity profiles within the 4 mm and 6 mm retentate 

flow channels during microfiltration of skim milk at 50°C and an average cross-flow velocity of 7 

m·s-1. 
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Re (Table 26), it might be expected that the additional turbulence would increase the LRPC relative 

to that of the 4 mm system. This was not observed, as both systems exhibited a LRPC of 11.5% 

(Figure 20). The inability to explain differences in LF in ceramic MF of skim milk and milk protein 

concentrate based on Re has been discussed (Gesan-Guiziou et al., 1999; Hurt et al., 2015). 

Considering the similarities between the computational fluid dynamics data in the present study 

(Figure 19), the inability of Re to explain differences in LRPC is not surprising. Adams et al. 

(2015b) determined that ceramic membranes with diamond-shaped retentate flow channels had a 

lower limiting flux than ceramic membranes with round retentate flow channels when cross-flow 

velocity and retentate protein concentration were held constant during skim milk MF. The same 

computational fluid dynamics technique used in the present study was used to determine that the 

diamond-shaped channel membranes showed regions of lower shear rates and cross-flow velocities 

at the diamond-shaped channels’ vertices compared to the shear rates and cross-flow velocities 

near the surface of the round channel membranes (Adams et al., 2015b). The present study’s 

findings regarding LRPC are in line with those of Hurt et al. (2015) and Gesan-Guiziou et al. 

(1999) regarding LF: shear rate and shear stress at the membrane surface caused by changes in 

cross-flow dictate fouling, not Re. 

When microfiltering milk protein concentrate using ceramic membranes, Hurt et al. (2015) 

determined that the value of a sustainable flux was about 85% of the LF, regardless of retentate 

protein concentration or membrane channel diameter. If the sustainable retentate protein 

concentration were 85% of the LRPC (11.5%), the sustainable retentate protein concentration 

would be 9.78% TP.  Based on Figure 20, TMPavg increased linearly with retentate protein 

concentration below 9.78% and permeate TP did not decrease due to fouling (Table 23). These  
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Figure 20. Average transmembrane pressure (TMPavg) as a function of retentate true protein 

concentration when microfiltering skim milk using 4 mm and 6 mm round channel membranes. 

Temperature = 50°C; average cross-flow velocity = 7 m·s-1. Data from all 3 replicates are shown. 
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qualities are indicative of a sustainable MF process and suggest that multiplying the LRPC by 0.85 

to derive a sustainable retentate protein concentration may be appropriate. 

Potential for 95% SP Removal in 2 MF Stages. Based on theoretical calculations 

described by Hurt and Barbano (2010), subjecting skim milk that is 3.20% TP and 81.97% CN%TP 

to 2 stages of MF (CF = 4.03 ×) with diafiltration (4.03 ×) between stages, 78 and 95% of SP 

would be removed after the first and second stages, respectively. The calculation assumes that no 

SP is rejected by the membrane. A 4.03 × process would produce a retentate that is 11.06% TP 

after stage 1 and 10.62% TP after stage 2. If the sustainable retentate protein concentration were 

higher than 11.06%, 95% SP removal could be accomplished in 2 stages. The 6 mm system 

retentate recirculation pump frequency was 54.2 Hz (Table 26) when average cross-flow velocity 

was 7 m·s-1 at 11.5% retentate TP. By increasing the pump frequency to 70 Hz, cross-flow velocity 

would be increased to approximately 9 m·s-1. Assuming that the 50°C viscosity trend in Figure 18 

holds at higher protein concentrations and that LRPC scales linearly with the average cross-flow 

velocity, as LF have been shown to do (Samuelsson et al., 1997), the LRPC at 9 m·s-1 would be 

13.29% (viscosity = 3.11 mPa·s, Figure 18). Multiplying 13.29% by 0.85 yields a sustainable 

retentate protein concentration of 11.30%. Given that the 6 mm system can achieve a higher cross-

flow velocity than the 4 mm system at a given pump frequency, 95% SP removal could likely be 

accomplished in 2 stages using the 6 mm membranes if the average cross-flow velocity were 

increased to 9 m·s-1 and flux were maintained at 55 kg·m-2·h-1. Reducing the number of stages 

from 3, as proposed by Hurt and Barbano (2010), to 2 to accomplish 95% SP removal would 

reduce the number of pumps and recirculation loops in the MF system. This could potentially 

reduce the fixed costs of a 95% SP removal process. 
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Process Monitoring. The retentate protein concentration must be monitored in order to 

maintain a sustainable MF operation in which fouling is low. We monitored our MF system by 

measuring the retentate TP concentrations by MIR. However, MIR technology may not be 

available to every MF operator. If viscosity data or processing data based on the retentate 

recirculation pump (i.e., pump frequency) were available, these could also be used to monitor a 

system’s retentate TP concentration, assuming temperature and cross-flow velocity were held 

constant. Figure 21 shows linear correlations among retentate TP measured by MIR, retentate TP 

measured by Kjeldahl, retentate viscosity at 50°C, and the retentate recirculation pump frequency 

necessary to maintain a cross-flow velocity of 7 m·s-1 at 50°C. Correlations among viscosity and 

retentate protein by either method of determination did not depend on the membrane system used, 

but the retentate recirculation pump frequency was membrane-dependent. The excellent 

correlations (R2 > 0.98) among all 4 factors demonstrate their usefulness as monitoring tools in a 

MF process. Consequently, a MF processor wishing to monitor its retentate protein concentration 

could correlate protein data to another measurement using a more readily available device such as 

a rotational viscometer or flow meter that is already installed in the process. At a constant 

temperature, as protein concentration increases, viscosity and the pump frequency required to 

maintain a given cross-flow velocity will increase. 

Retentate Recirculation Pump Energy 

Polymeric spiral-wound membranes are the most widely used membrane geometry in the 

dairy industry today. They cannot be subjected to high cross-flow velocities (i.e., > 1 m·s-1) 

because the spiral-layered structure of the membranes would separate under high shear stresses. 

Because increasing the cross-flow velocity increases the LF, tubular ceramic MF systems can be 

operated at higher fluxes than spiral-wound polymeric membranes (Zulewska et al., 2009).  
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Figure 21. Scatterplot matrix of retentate true protein (%) as determined by Kjeldahl or a mid-

infrared (MIR) spectrophotometer, retentate apparent viscosity (mPa·s, temperature = 50°C, shear 

rate = 73 s-1), and retentate recirculation pump frequency (Hz) required to maintain an average 

cross-flow velocity of 7 m·s-1 during microfiltration at 50°C using either 4 mm (solid line) or 6 

mm (dotted line) round channel membranes. R2 for all correlations > 0.98. Data from all 3 

replicates are shown. 
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However, ceramic MF systems require more energy to operate than spiral-wound polymeric MF 

systems (Cheryan, 1998). The difference in energy use is almost entirely due to the cross-flow 

velocity provided by the retentate recirculation pump in a ceramic MF process. If energy 

consumption could be reduced while maintaining cross-flow, variable costs would decrease and 

may make ceramic systems more cost efficient. 

The energy required to operate the retentate recirculation pump for each membrane module 

in the present study at a retentate protein concentration of 9%, a flux of 55 kg·m-2·h-1, and an 

average cross-flow velocity of 7 m·s-1 was calculated on a per unit volume of permeate basis 

according to Equation 4.2. Although the 6 mm system required a higher retentate recirculation rate 

(Q) to reach the same cross-flow velocity (Table 26) and had a lower modular membrane surface 

area than the 4 mm membrane (1.08 m2 vs. 1.41 m2), the 4 mm system required 21% more energy 

(33.32 kW·h·m-3 vs. 27.47 kW·h·m-3) to produce the same amount of permeate as the 6 mm 

system. The difference in energy consumption can be attributed the higher ∆P associated with the 

4 mm system (Table 25). Energy consumption for both systems would increase if the flux were 

decreased or if the retentate protein concentration were increased. This indicates that although the 

LRPC for the 2 systems may not have been different, there may be a cost advantage to using the 6 

mm membranes if a processor wanted to a produce a retentate with a higher protein concentration. 

To increase the retentate protein concentration at the same flux would require a higher cross-flow 

velocity. The larger channel diameter of the 6 mm system would allow this velocity to be reached 

at a lower ∆P. This finding becomes important where limitations on the retentate recirculation 

pump’s size comes into consideration (i.e., the maximum pump pressure output or pump frequency 

is approached.) 
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CONCLUSIONS 

When temperature, flux, and average cross-flow velocity were controlled, retentate flow 

channel diameter did not affect the LRPC of non-graded permeability ceramic membranes 

operated in non-uniform transmembrane pressure mode. This indicates that the LRPC is not a 

function of Re. Computational fluid dynamics data, which indicated that both membranes had 

similar radial velocity profiles within their retentate flow channels, supported this finding. 

Membranes with 6 mm flow channels can be operated at a lower ∆P or at a higher cross-flow 

velocity, depending on which is controlled, than membranes with 4 mm flow channels with the 

same pore size. This implies that 6 mm membranes could achieve a higher LRPC than 4 mm 

membranes at the same ∆P due to an increase in cross-flow velocity. In theory, the higher LRPC 

of the 6 mm membranes could facilitate 95% SP removal in 2 MF stages with diafiltration between 

stages if no SP were rejected by the membrane. This may reduce the fixed costs of a MF system 

needed to achieve 95% SP reduction. 

At the same flux, retentate protein concentration, and average cross-flow velocity, 4 mm 

membranes require 21% more energy to remove a given amount of permeate than 6 mm 

membranes, despite the lower surface area of the 6 mm membranes. Equations to predict skim 

milk MF retentate viscosity as a function of protein concentration and temperature were provided. 

Retentate viscosity, retentate recirculation pump frequency required to maintain a given cross-flow 

velocity at a given retentate viscosity, and retentate protein determination by MIR were all useful 

tools for monitoring the retentate protein concentration to ensure a sustainable MF process. Using 

6 mm membranes instead of 4 mm membranes would be advantageous for processors wishing to 

reduce energy costs or maximize the protein concentration of a MF retentate.  
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CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK  

Microfiltration (MF) was used to separate serum proteins (SP) from casein (CN) micelles 

in skim milk. The impact of skim milk composition (soluble Ca and lactose concentrations), 

retentate flow channel geometry (round or diamond-shaped), uniform transmembrane pressure 

(UTP), and retentate flow channel diameter (4 mm or 6 mm) on factors that impact MF process 

efficiency (SP removal, limiting flux (LF), and limiting retentate protein concentration (LRPC)) 

were determined. Data from this research were compiled to derive a relationship between a 

Reynolds number based on membrane channel length (ReL) and the LF of a skim milk ceramic 

MF process (Appendix A6). 

Skim milk, milk protein concentrate (MPC), and milk protein concentrate fortified to the 

lactose concentration of skim milk (MPC+L) were each microfiltered at 50°C using 0.1 μm graded 

permeability ceramic MF membranes and flux was increased from 55 kg·m-2·h-1 to the LF (Chapter 

2). The LF of the skim, MPC, and MPC+L were 91, 137, and 124 kg·m-2·h-1, respectively, at an 

average retentate protein concentration of 8.77%. The difference in LF between skim milk and 

MPC+L was associated with a reduction in soluble Ca. The difference in LF between the MPC 

and MPC+L was due to the higher viscosity contributed by lactose, but lactose was not thought to 

contribute to the foulant layer. No differences in SP rejection were detected among the 3 feeds 

below the LF. However, less SP passed through the membrane as fluxes approached the LF. 

Feeding the MF with MPC instead of skim milk produced a higher LF and a permeate with more 

protein due to an increase in soluble CN caused by micelle dissociation. Additional work could be 

done to examine the effect of composition as it is influenced by membrane material and geometry. 

The impacts of ceramic membrane channel geometry (round or diamond-shaped) and UTP 

on LF and SP removal during skim milk MF at a temperature of 50°C, a retentate protein 
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concentration of 8.5%, and an average cross-flow velocity of 7 m·s-1 were determined (Chapter 3). 

Using UTP with round flow channel MF membranes increased the LF by 5% when compared to 

not using UTP and SP removal was not affected by the use of UTP. Using membranes with round 

channels instead of diamond-shaped channels in UTP mode increased the LF by 24%. This 

increase was associated with a 25% increase in the Reynolds number (Re) and can be explained 

by lower shear at the vertices of the diamond-shaped channel’s surface. The SP removal factor of 

the diamond channel system was higher than the SP removal factor of the round channel system 

below the LF. However, the diamond channel system passed more casein into the MF permeate 

than the round channel system. Because only one batch of each membrane was tested in our study, 

it was not possible to determine if the differences in protein rejection between channel geometries 

were due to the membrane design or random manufacturing variation. Despite the lower LF of the 

diamond channel system, the 47% higher membrane compactness (membrane area per unit volume 

of membrane) of the diamond channel system produced a higher (19%) modular permeate removal 

rate than the round channel system. Consequently, using diamond channel membranes instead of 

round channel membranes could reduce some of the costs associated with ceramic MF of skim 

milk if fewer membrane modules could be used to attain a given amount of membrane area.  

When temperature, flux, and average cross-flow velocity were controlled (Chapter 4), 

retentate flow channel diameter did not affect the LRPC of non-graded permeability ceramic 

membranes operated in non-uniform transmembrane pressure mode. This indicates that the LRPC 

is not a function of Re. Computational fluid dynamics data, which indicated that both membranes 

had similar radial velocity profiles within their retentate flow channels, supported this finding. 

Membranes with 6 mm flow channels can be operated at a lower longitudinal pressure drop on the 

retentate side of the membrane (∆P) or at a higher cross-flow velocity, depending on which is 
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controlled, than membranes with 4 mm flow channels with the same pore size. This implies that 6 

mm membranes could achieve a higher LRPC than 4 mm membranes at the same ∆P due to an 

increase in cross-flow velocity. In theory, the higher LRPC of the 6 mm membranes could facilitate 

95% SP removal in 2 MF stages with diafiltration between stages if no SP were rejected by the 

membrane. This may reduce the fixed costs of a MF system needed to achieve 95% SP reduction. 

At the same flux, retentate protein concentration, and average cross-flow velocity, 4 mm 

membranes require 21% more energy to remove a given amount of permeate than 6 mm 

membranes, despite the lower surface area of the 6 mm membranes. Equations to predict skim 

milk MF retentate viscosity as a function of protein concentration and temperature were provided. 

Retentate viscosity, retentate recirculation pump frequency required to maintain a given cross-flow 

velocity at a given retentate viscosity, and retentate protein determination by mid-infrared 

spectrophotometry were all useful tools for monitoring the retentate protein concentration to 

ensure a sustainable MF process. Using 6 mm membranes instead of 4 mm membranes would be 

advantageous for processors wishing to reduce energy costs or maximize the protein concentration 

of a MF retentate. Given the increased membrane compactness of diamond-shaped channels 

(Chapter 3) and reduced energy consumption of membranes with larger channels (Chapter 4), 

additional work could be done to optimize membrane design based on channel shape and size (i.e., 

larger diamond channels). 

The work in Chapter 3 sought to determine whether or not SP removal was affected by the 

channel geometry of ceramic membranes. Though the diamond channel system exhibited higher 

SP removal factors than the round channel system, it also passed more CN into the permeate. This 

indicated that 1) the diamond channel system pore size may have been slightly larger than that of 

the round channel system, 2) the diamond channel membranes’ selective layers may have been 
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damaged, or 3) the production process used to manufacture the diamond channel membranes failed 

to evenly cover the entire retentate flow channel with the selective layer material, thereby 

increasing protein transmission. Because several membranes of each type from different 

production lots were not tested, no conclusions on the cause for this difference can be made at 

present. Future work should investigate the effect of membrane channel geometry using different 

lots of the same membrane that are treated as random variables to establish whether the results 

observed in this work were due to a systematic problem in production with the diamond channel 

membranes or a random manufacturing error.  

The present work did not produce a cost analysis of the systems compared due to a lack of 

available pricing information from the industry. While the conclusions presented are accurate on 

a relative basis, more detail on system pricing should be studied to determine when using a ceramic 

system instead of a polymeric system would make financial sense. Such an analysis should also 

consider any potential benefits that a ceramic system could offer a processor which a polymeric 

system could not (i.e., higher SP transmission through the membranes, higher retentate protein 

concentrations, more options for cleaning and sanitization of the system). 

No work has been done to compare flavor and functional property differences caused by 

different CN:SP ratios in MF retentates and MF permeates. It would be useful to know if and how 

properties such as taste, thermal stability, foaming, etc. are affected when different levels of SP 

removal (i.e., 67 versus 95% removal) are targeted. These differences should be established 

independent of other components (i.e., lactose and calcium) to isolate the impact of protein type. 

This functionality work would improve the accuracy of the financial analysis proposed above 

because compositional differences of practical importance to a manufacturer could be applied to 
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the financial models (i.e., What level of CN contamination in the MF permeate is acceptable? What 

are the consequences of not meeting this standard?). 

Over 100 years ago, the separation of fat from milk was not common practice. Now 

consumers can choose between skim milk, heavy cream, and a myriad of products in between in 

the dairy section of almost any grocery store. As the separation of CN and SP becomes more 

ubiquitous in the dairy industry, rapid analytical methods for determining the 2 protein classes 

(and eventually the individual CN and SP proteins) will become more important. Mid-infrared 

spectrophotometry is the current industry standard for rapid detection of fat, protein, lactose, and 

other solids in milk. Development of mid-infrared models capable of discerning between CN and 

SP seems like a logical next step in the evolution of milk analysis and producer payment testing, 

particularly when the milk will be used to manufacture a product that relies on a certain CN:SP 

ratio (i.e., cheese).   
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APPENDIX 

A1: Arrhenius Equations for Low Viscosity Fluids 

 

Even with the low viscosity adaptor used in this research, the LV-DV2T viscometer 

(Brookfield Engineering Laboratories, Inc., Middleboro, MA) was only accurate for viscosities 

above 0.80 mPa·s. In order to determine the viscosities of fluids below this threshold (i.e., MF 

permeate at 50°C), an Arrhenius equation (Equation A1.1) based on apparent viscosity (shear rate 

= 73 s-1) data at temperatures between 2 and 40°C was used to estimate viscosity at 50°C. 

E

RTAe              [A1.1] 

Where:  

μ is the permeate viscosity (Pa·s) 

A is the pre-exponential constant (Pa·s) 

e is the mathematical constant (2.71828) 

E is the activation energy required for flow (J·mol-1) 

R is the universal gas constant (8.314 J·K-1·mol-1) 

T is the absolute temperature (K) 

 

To derive constants A and E for the Arrhenius equations for RO water (Figure 22), 5% w 

/ w lactose solution (Figure 23), MF permeates of skim milk (Figure 24), MPC (Figure 25), 

MPC+L (Figure 26), and milk serum protein isolate (Figure 27), samples of each fluid were split 

into two 89 mL vials. The first vial was cooled to 2°C, the second vial was heated to 40°C. Each 

vial was then placed in the viscometer, tempered to either 2°C or 40°C, and the apparent viscosity 

was measured as it warmed or cooled, respectively, to room temperature so that viscosity as a 

function of temperature could be determined. This procedure was replicated at least 3 times for 

each fluid. Natural log of viscosity data were plotted against the reciprocal of absolute temperature 

(1/K) and the regression functions of Microsoft Excel (Redmond, WA) were used to determine 
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best fit parameters for the Arrhenius equation. The intercept of the line of best fit was ln(A) and 

the slope of the line of best fit was E / R.   

The estimated viscosity of water at 50°C (0.56 mPa·s) was within 2.4% of the expected 

value of 0.547 mPa·s (Engineering Toolbox). The estimated viscosity of the 5% lactose solution 

at 50°C (0.625 mPa·s) was within 0.2% of the published value (0.624 mPa·s) (Morison and 

Mackay, 2001). Calculated activation energies for water and the 5% lactose solution were within 

2 and 8% of published values (Engineering Toolbox; Morison and Mackay, 2001). 
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Reverse Osmosis Water 

 
Figure 22. Arrhenius plot of log apparent viscosity (shear rate = 73 s-1) as a function of reciprocal 

temperature (1/K) for reverse osmosis-filtered water. The derived pre-exponential constant (A) 

and activation energy (E) for the Arrhenius equation are listed below. 

 

A (Pa·s) E (J·mol-1) 

1.0509E-06 16869.9067 
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Lactose Solution (5% w / w) 

 
Figure 23. Arrhenius plot of log apparent viscosity (shear rate = 73 s-1) as a function of reciprocal 

temperature (1/K) for a lactose solution (5% w / w). The derived pre-exponential constant (A) and 

activation energy (E) for the Arrhenius equation are listed below. 

 

Composition 

- Reverse Osmosis Water = 95.00% w / w 

- Total Solids = 5.00% w / w 

o 5200 Ultra Refined Natural Lactose (Hilmar Cheese Company, Inc., Hilmar, CA) 

A (Pa·s) E (J·mol-1) 

5.54555E-07 18879.48098 
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Skim Milk Microfiltration Permeate 

 
Figure 24. Arrhenius plot of log apparent viscosity (shear rate = 73 s-1) as a function of reciprocal 

temperature (1/K) for skim milk microfiltration permeate. The derived pre-exponential constant 

(A) and activation energy (E) for the Arrhenius equation are listed below. 

 

Composition 

- True Protein = 0.53% 

- Total Solids = 6.49% 

A (Pa·s) E (J·mol-1) 

6.43351E-07 18600.61259 
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Milk Protein Concentrate Microfiltration Permeate 

 
Figure 25. Arrhenius plot of log apparent viscosity (shear rate = 73 s-1) as a function of reciprocal 

temperature (1/K) for milk protein concentrate (MPC) microfiltration permeate. The derived pre-

exponential constant (A) and activation energy (E) for the Arrhenius equation are listed below. 

 

Composition 

- True Protein = 0.57% 

- Total Solids = 0.86% 

A (Pa·s) E (J·mol-1) 

8.4529E-07 17559.5985 
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Milk Protein Concentrate with 5% Lactose Microfiltration Permeate 

 
Figure 26. Arrhenius plot of log apparent viscosity (shear rate = 73 s-1) as a function of reciprocal 

temperature (1/K) for milk protein concentrate plus lactose (MPC+L) microfiltration permeate. 

The derived pre-exponential constant (A) and activation energy (E) for the Arrhenius equation are 

listed below. 

 

Composition 

- True Protein = 0.59% 

- Total Solids = 6.01% 

A (Pa·s) E (J·mol-1) 

7.62425E-07 18153.83096 
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Milk Serum Protein Isolate 

 
Figure 27. Arrhenius plot of log apparent viscosity (shear rate = 73 s-1) as a function of reciprocal 

temperature (1/K) for milk serum protein isolate. The derived pre-exponential constant (A) and 

activation energy (E) for the Arrhenius equation are listed below. 

 

Composition 

- True Protein = 24% 

- Total Solids = 26% 

A (Pa·s) E (J·mol-1) 

2.07868E-07 28476.9976 
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A2: Skim Milk Microfiltration Retentate True Protein Prediction by Mid-Infrared 

Spectrophotometry 

A mid-infrared (MIR) spectrophotometer, calibrated using modified milk samples 

(Kaylegian et al., 2006), was used to determine the true protein concentration of microfiltration 

retentate of skim milk. The prediction of reference Kjeldahl true protein by MIR true protein was 

highly accurate, as shown in Figure 28. 

 
 

 

Figure 28. Plot of skim milk microfiltration retentate true protein as determined by mid-infrared 

spectrophotometry (MIR) as a function of Kjeldahl determination of true protein. 
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Table 27. Mid-infrared (MIR) spectrophotometer performance 

statistics (n = 30) for measurement of skim milk MF retentate true 

protein  

Maximum Difference in Protein (MIR – Kjeldahl) 0.189% 

Minimum Difference in Protein (MIR – Kjeldahl) - 0.070% 

Average Difference in Protein (MIR – Kjeldahl) 0.002% 

Maximum Absolute Difference in Protein 0.189% 

Minimum Absolute Difference in Protein 0.001% 

Average Absolute Difference in Protein 0.050% 

 

True protein prediction accuracy was reduced from that observed in Table 27 as the composition 

of the serum phase began to differ from that of skim milk, as was discussed in Chapter 2. Briefly, 

as lactose and other nonprotein soluble components were removed from the serum phase and 

replaced by water, MIR tended to under-predict true protein in the microfiltration retentates (MPC 

and MPC+L).  
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89:2817-2832.  
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A3: Effect of Casein in Microfiltration Permeate on Relative Whiteness Values (LR) 

Casein (CN) micelles are colloidal in size (mean diameter = 150 nm). As such, they scatter 

light and give skim milk its white color. Microfiltration (MF) permeates with higher CN 

concentrations were noted to be more opaque. Opacity was quantified using a Macbeth colorimeter 

by measuring the L values (lightness) of the MF permeates by placing the cuvette against a black 

background. Higher L values indicate more whiteness. Because the some light from the 

colorimeter passed through the permeates and was absorbed by the black background, the L values 

were stated to be relative whiteness values (LR). Higher LR values indicate more opacity. 

Permeate LR values from Chapter 3 were measured as described above and CN was 

measured by Kjeldahl analysis. Small amounts of skim milk (0 to 0.87% w / w) were also added 

to the MF permeates produced using the round channel system (i.e., the clearest permeates) to 

assess the correlation between added CN and LR values. Both correlations are plotted in Figure 29.  

The 2 correlations (closed circles = skim milk added to MF permeate; open circles = MF 

permeates produced using different membranes and fluxes) in Figure 29 shared a common y 

intercept, about 19.8. This was due to the black background used in both correlations and would 

be expected to change if a different background were used. The black background was chosen to 

provide the largest contrast with the white color of the CN micelles. Increased contrast would 

increase the sensitivity of the measurement at detecting low levels of CN contamination. The 

slopes of the 2 correlations were very different. The addition of skim milk contributed CN in its 

micellar form (closed circles) and produced a higher slope relative to MF permeates with CN 

contamination from the MF process (open circles). Much of the CN that passed through the MF 

membrane may have been in the soluble form, so it would not have scattered light as it would have 

in the micellar form. 
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 Though this colorimetric method would be useful in detecting CN micelle contamination 

of MF permeate (LR > 20), it would be less sensitive in determining soluble CN passage. 

Nevertheless, it would be an excellent rapid detection method to identify damage to membranes 

or membrane gaskets which would increase CN micelle leakage into the MF permeate. 

 

Figure 29. Plot of skim milk microfiltration (MF) permeate relative whiteness values (LR) as a 

function of casein (CN) concentration. Closed circles = skim milk added to MF permeate; open 

circles = MF permeates produced using different membranes and fluxes from Chapters 3 and 4. 
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A4: Microfiltration Retentate Density Prediction Model 

Four equations developed by the USDA (1965) to calculate milk density (lbs·gal-1) based 

on temperature (40, 50, 60, and 102°F), % fat, and % nonfat solids (SNF) were used to create a 

data set (n = 535) of densities (kg·m-3) at various temperatures, fat and SNF concentrations. A fifth 

equation was interpolated based on the equations presented by USDA (1965) to predict density at 

88°F and included in the data set as well. All temperatures were converted from °F to °C before 

being entered into the data set.  Fat concentrations were randomly generated and ranged from 1.92 

to 5.25% with a mean of 3.49%. SNF concentrations were randomly generated and ranged from 

7.51 to 10.54% with a mean of 9.03%. JMP statistical software (Version 11, SAS Institute, Cary, 

NC) was used to calculate a least squares model (Figure 30) in which temperature, fat, and SNF 

were continuous variables. 

 

Density = 1002.85 – (0.34 × Temperature °C) – (0.84 × Fat %) – (4.00 × SNF %) 

 

Despite being developed with density data at lower temperatures, higher fat concentrations, 

and lower SNF concentrations than were studied in the present skim milk MF retentate research, 

the model accurately determined the densities of MF retentates discussed in Chapter 2 (within 

0.5% of measured values at 50°C). In addition, the model’s predicted values compared well to 

skim milk MF retentate density data from Solanki and Rizvi (2001). Solanki and Rizvi (2001) 

determined that 8 × skim milk MF retentate had a density between 1082 and 1090 kg·m-3. The 

present model predicted a density of 1092 kg·m-3. 
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Figure 30. Multiple linear regression model for 

the determination of milk density (kg·m-3) based 

on temperature (°C), % fat, and % nonfat solids 

(SNF) of milk. 



161 
 

REFERENCES 

Solanki, G. and S.S.H. Rizvi. 2001. Physico-chemical properties of skim milk retentates from  

microfiltration. J. Dairy Sci. 84:2381-2391. 

USDA, Consumer and Marketing Service, Dairy Division. 1965. Pages 1–74 in: Full committee  

report of study conducted in thirteen federal milk order markets on volume-weight  

conversion factors for milk. Supplement to marketing research report 701. USDA,  

Washington, DC. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 



162 
 

A5: Microfiltration Retentate Viscosity Prediction Model 

Apparent viscosity (shear rate = 12 s-1) data of skim milk microfiltration (MF) retentates 

at 4, 20, and 50°C with true protein concentrations between 7 and 11.67% (Chapter 4) were used 

to build a multiple linear regression model to determine MF retentate viscosity (mPa·s) as a 

function of temperature, protein concentration, and all 2-way interactions (including squared terms 

of temperature and protein). Temperature and protein concentration were each coded as continuous 

variables. The model was composed of 90 measurements (5 protein concentrations × 3 

temperatures × 2 membrane channel diameters × 3 replicates). JMP statistical software (Version 

11, SAS Institute, Cary, NC) was used to calculate the least squares model (Figure 31). Apparent 

viscosity was log-transformed before analysis to reduce the fanning effect noted in the residual vs. 

predicted plot of the model (Figure 31). Consequently, if the model were used to predict log 

viscosity, the result would have to be back-transformed to viscosity (i.e., viscosity = 10log viscosity). 

By default, JMP mean-centers continuous variable interactions to reduce the likelihood of 

multicollinearity among model factors (Glantz and Slinker, 2001). All factors studied were 

significant (P < 0.05) except for “Protein × Protein” (P = 0.10). The “Protein × Protein” factor was 

kept in the model because higher order terms that included “Protein × Protein” were significant (P 

< 0.05). The final model was: 

 

log(Viscosity) = 0.0316 + (0.0900 × P) – (0.0225 × T) – (0.00325 × (P – 9.146) × (T – 24.901)) 

+ (0.00274 × (P – 9.146) × (P – 9.146)) + (0.000396 × (T – 24.901) × (T – 24.901)) +  

(0.0000805 × (T – 24.901) × (T – 24.901) × (P – 9.146)) –  

(0.000251 × (P – 9.146) × (P – 9.146) × (T – 24.901)) 
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Figure 31. Multiple linear regression model for 

the determination of log apparent viscosity 

(mPa·s) of skim milk MF retentates based on 

temperature (°C) and % true protein. 
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 This model is based on data at a constant shear rate of 12 s-1. This shear rate is much lower 

than would be experienced in highly turbulent flow within a tubular ceramic membrane retentate 

flow channel. Consequently, the model may over-predict viscosity when temperatures are below 

40°C, as skim milk MF retentates exhibit mild shear thinning at low temperatures and high protein 

concentrations (Sauer et al., 2012). As a result, at its worst, the present model would yield a 

conservative estimate of apparent viscosity (higher than it would be in reality) should this model 

be used to predict a limiting flux or limiting retentate protein concentration during skim milk MF. 
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A6: Skim Milk Microfiltration Limiting Flux Prediction Model 

Skim milk microfiltration limiting flux (Chapters 2, 3) and limiting retentate protein 

concentration (Chapter 4) data were compiled, along with data from some preliminary work to 

relate the length-based Reynolds number (ReL) described by Hurt et al. (2015) to the limiting flux 

(Figure 32). ReL is calculated according to Equation A6.1. 

ReL

L V



 
           [A6.1] 

 

Where: 

 ρ is the retentate density (kg·m-3) 

o May be calculated according to Appendix A4 

 L is the length of the retentate flow channel (1.02 m) 

o L was multiplied by 3.2 / 4 in the case of the diamond-shaped flow channel to 

account for the differences in fouling between geometries described in Chapter 3. 

 V is the average cross-flow velocity in the retentate floe channel (m·s-1) 

 μ is the retentate viscosity (Pa·s) 

o May be calculated according to Appendix A5 

Data were collected using a variety of ceramic membranes: 

 

 0.1 μm Membralox GP membranes with 4 mm round retentate flow channels 

 100 nm Membralox membranes with 4 mm round retentate flow channels 

 100 nm Membralox membranes with 6 mm round retentate flow channels 

 100 nm Membralox membranes with 4 mm equivalent diameter diamond-shaped 

retentate flow channels. 

Consequently, the relationship in Figure 32 is expected to hold for a variety of ceramic membranes 

provided they have the same membrane length. The blue data points in Figure 32 were used to 

derive the linear relationship (R2 = 0.99). The red data point was measured independent of this 

relationship and plotted to show how well the model predicted the limiting flux (within 7% of the 

actual value). The red data point was collected by microfiltering skim milk with the 4 mm 

Membralox GP membranes under lower V (5.12 m·s-1), lower temperature (35°C), and at a similar 

retentate protein concentration (7%) as those examined in this research. 
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Figure 32. Limiting flux in tubular ceramic microfiltration of skim milk as a function of the length-

based Reynolds number (ReL). Blue circles are data points used to estimate the line of best fit. The 

red circle was not used to construct the line of best fit. 

 

Hurt et al. (2015) noted that the sustainable flux was related to the limiting flux as follows: 

sustainable flux = 0.85 × limiting flux. The value predicted by Figure 32 should be multiplied by 

0.85 to estimate the sustainable flux for a ceramic MF process using skim milk. The relationship 

in Figure 32 is not expected to hold for skim milks with reduced soluble calcium concentrations 

(i.e., MPC as in Chapter 2). Hurt et al. (2015) estimated that the slope relating the limiting flux to 

ReL for MPC would be 0.0000307, greater than the 0.0000193 slope in Figure 32 for skim milk. 

The role of calcium in membrane fouling can explain this difference (Chapter 2). 
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Limiting Flux = 0.0000193467 × ReL 

 

R2 = 0.9886 


