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Abstract  
 

Major drawback in application of ultrafiltration membrane processes is fouling, a complex phenomenon which highly depends on 

the operational conditions such as pH, temperature, feed velocity, trans-membrane pressure and the geometry of the membrane unit. 

Milk fouling mostly arises from precipitation of proteins and fats in the form of a cake layer on the surface of the membrane. In this 

study, combined cake filtration-intermediate blocking model and combined intermediate-standard blocking model were applied to 

ultrafiltration of skim milk at constant flow rate. The effect of trans-membrane pressure and temperature on flux decline was 

investigated. Based on the results obtained here, the combined intermediate blocking and standard blocking model provided the best 

simulation, as it was able to fit the experimental data for skim milk concentration with low error values. With increasing pressure to 

100 KPa, the differences between combined cake formation-intermediate blocking model and experimental data increased and with 

further increase in the pressure the differences decreased.           © 2017 ijrei.com. All rights reserved  
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1. Introduction  

Membrane processes are widely used in food industry, water 

and wastewater treatment and oil processing due to their 

improved capacity and also lower energy consumption 

compared to traditional filtration methods [1-4]. Among them, 

ultrafiltration membranes are widely applied in dairy industries 

like milk concentration, cheese making, whey fractionation 

and milk dehydration processes [5, 6]. Conventional filtration 

methods are not widely used in dairy industry because of 

negative impact they have on nutritional properties of the 

yields. These methods also destroy the natural state of the 

products, which is associated with the exposure to heat streams 

and changing the salt and pH content of the feed. Besides that, 

the high cost of these separation processes as well as their low 

overall productivity, has made them unsuitable for these 

purposes [7].  

Major drawback in application of ultrafiltration membrane 

processes is fouling, a complex phenomenon arisen from the 

accumulation of solutes near the membrane surface and pore 

entrance, which highly depends on the operational conditions 

such as pH, temperature, feed velocity, trans-membrane 

pressure (TMP) and the geometry of the membrane unit [8-10]. 

Fouling decreases the efficiency of the separation process, 

declining the flux far below the theoretical capacity of the 

membrane. To overcome the problem, accurate models are 

required to predict the flux decline at various operational 

conditions, in order to consider suitable cleaning process for 

removal of fouling layer. 

There are four mechanisms which are mainly responsible for 

the fouling, including complete blocking mechanism, 

intermediate blocking mechanism, cake formation mechanism 

and standard blocking mechanism [3]. According to 

intermediate or complete pore blocking models the available 

membrane area decreases with volume filtered. This decrease 

in membrane area is associated with the blockage of the 

membrane’s pores with feed solutes. These two models are 

similar to each other, but the assumption behind the complete 

blocking model is more severe than the intermediate blocking 

model. According to the complete blocking model, the 

particles seal off the pores without superimposition on each 

other. However, the intermediate blocking model alleviate 

complete blocking mechanism assumption by assuming that a 

portion of the solutes block pores and the others superimpose 
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one another. Standard blocking model assumes that small 

particles deposit on the inner wall of the membrane’s pores, 

deteriorating the membrane structure and adding additional 

resistance to feed flow. This fouling mechanism is considered 

the most sever fouling which cannot be removed by usual 

cleaning processes. Cake formation model assumes that 

particles accumulate on the surface of the membrane in the 

form of a permeable cake layer, adding another resistance to 

flow [11].  

So far, many studies have been carried out to simulate flux 

decline in ultrafiltration membranes using numerical or 

mathematical methods. Katsoufidou et al. [12] studied the flux 

decline during ultrafiltration of humic acid solutions and 

developed a model which accounted for the simultaneous 

action of all fouling mechanisms and found that this model 

fitted the experimental data. Razavi et al. [10] have proposed a 

model by artificial neural network (ANNs) in ultrafiltration of 

skim milk which reported results were in good agreement with 

experimental data. However, the major limitation of ANNs is 

the need of large experimental data which in many cases is not 

available. Moreover, obtained model is not comprehensive and 

cannot be used for other systems.  

Mattaraj et al. [13] developed a new combined model to mimic 

fouling of NOM solutions in nanofiltration membranes, taking 

pore blocking, osmotic pressure and cake formation into 

account. Their findings showed different flux decline 

behaviors in NOM solutions containing sparingly soluble 

inorganic salts and soluble inorganic salts. The authors found 

that phosphate species sealed off entrance pores and were the 

major fouling material. Corbaton-Baguena et al. [14] fitted an 

exponential model to data for the fouling of polyethylene 

glycol aqueous, taking concentration polarization, particle 

accumulation on the surface of the membrane and long-term 

fouling into account, and found that this model gave accurate 

predictions of the fouling in sever operational conditions. 

Briao and Tavares [15] found that the data for the fouling of 

the dairy wastewater in tubular ultrafiltration membrane could 

be fitted initially by the complete blocking and subsequently 

by the cake formation mechanism. They also found that the 

cake filtration mechanism was the main mechanism 

responsible for fouling in spiral wound membranes.  

Ho and Zydney [16] developed a mathematical model for flux 

decline during the filtration of bovine serum albumin solution, 

which accounted for initial fouling due to complete blocking 

mechanism and subsequently by the cake filtration 

mechanism. Their proposed mathematical model, which 

explicitly accounted for the inhomogeneity in the cake layer 

due to the complete blocking mechanism, was the first model 

accounted for the combined effects of fouling mechanisms and 

was in good agreement with the empirical data.  

Following Ho and Zydney modeling work, a method was used 

to develop combined models of fouling with two fitted 

parameters [3]. The method was to insert explicit equations of 

resistance and available membrane area as a function of time 

or volume filtered into Darcy’s equation. The equations then 

were integrated to derive explicit equations of volume filtered 

as a function of time in constant pressure operation, or pressure 

as a function of time in constant flow operation. The two 

fouling mechanisms were assumed to occur simultaneously. 

Based on this method five models were developed that 

accounted for the combined effects of cake filtration-complete 

blocking, cake filtration-intermediate blocking, complete-

standard blocking, intermediate-standard blocking and cake 

filtration-standard blocking. The models then were compared 

with experimental data during microfiltration and 

ultrafiltration of bovine serum albumin and human IgG. The 

authors found that these models provided better predictions of 

flux decline compared to individual fouling mechanisms. Their 

findings also showed that combined cake filtration-complete 

blocking model provided the best data fits for fouling of 

biological fluids.   

In this study, previous proposed combined cake filtration-

intermediate blocking model was compared with combined 

intermediate-standard blocking model and used to analyze the 

flux decline during skim milk concentration. The goal was to 

compare these models with experimental data, to see which of 

them can best fit the data sets for the ultrafiltration of skim 

milk. These models were assessed through two different sets 

of experiments. In the first experiment, ultrafiltration testing 

under constant temperature and flow rate operation was carried 

out with reconstituted skim milk solution as feed flow. 

Reconstituted skim milk was pumped through polysulfone 

amide ultrafiltration system. The effect of varying trans-

membrane pressures on flux was studied. In the second 

experiment, the ultrafiltration of partially skimmed milk with 

a Pellicon cassette module was carried out and the effect of 

temperature and TMP on flux decline was investigated. Based 

on the results obtained here, the combined standard-

intermediate blocking model provided the best fit of the data 

sets. Therefore, this model can be an effective model for 

filtration systems where the flux decreases in a manner 

between the extremes of standard blocking and intermediate 

blocking. As the filtration process begins, solutes move toward 

the membrane. Small particles go through the membrane pores 

and will result in standard blocking. Accumulation of larger 

particles in the intermediate blocking manner occurs 

simultaneously. This model is very close to reality and this was 

verified by the excellent predictions of flux decline due to the 

combined standard-intermediate blocking model. Combined 

intermediate blockage-cake formation model also was in good 

agreement with experimental data and can be applied to 

separation units where the volume processed decreases in a 

manner between extremes of cake filtration and intermediate 

blockage.  

 

2. Modeling 

 

The flow rate can be calculated according to the Darcy’s law 

𝑄 =  
𝑑𝑉

𝑑𝑡
=

𝑃𝐴

𝑅𝜇
 

(1) 

Where P is the trans-membrane pressure (Pa), 𝜇 is the viscosity 

of feed solution (Pa.s), A is the membrane area (m2) and R is 
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the resistance (m-1).  

 

2.1 Intermediate blocking mechanism 

 

In this mechanism it is assumed that membrane consists of 

parallel pores with constant radius and length, and that each 

solid particle arriving to the membrane blocks a portion of the 

pores, and the others superimpose one another. The following 

equation shows the relationship between available membrane 

area and volume filtered [11] 
𝐴

𝐴0

= exp(−𝐶𝑖𝑏𝑉) 
(2) 

In this equation, constant 𝐶𝑖𝑏 denotes fitted parameter for 

intermediate blocking model which has units of m-1. The 

equation can be used both in constant flow rate and constant 

trans-membrane pressure conditions.  

At constant flow rate conditions, Eq. (2) can be written as a 

function of time [3] 
𝐴

𝐴0

= exp (−𝐶𝑖𝑏𝐽0𝑡) 
(3) 

By inserting Eq. (2) into Darcy’s law and integrating, the 

equation of permeate volume as a function of time can be 

obtained [3] 

𝑉 =
1

𝐶𝑖𝑏

ln(1 + 𝐶𝑖𝑏𝐽0𝑡) 
(4) 

This equation can then be differentiated to obtain the equation 

for flux in terms of processing time 

𝐽 = 𝐽0/(1 + 𝐶𝑖𝑏𝐽0𝑡) (5) 

 

2.2 Cake filtration mechanism 

 

In cake filtration mechanism it is assumed that particles 

accumulate on the surface of the membrane and superimpose 

one upon the other in the form a permeable cake. As the 

thickness of the cake increases with time so does the resistance 

to flow. Therefore, the resistance of the cake layer along with 

the membrane intrinsic resistance contributes to the total 

resistance. The total resistance increases with volume filtered 

according to Eq. (6) and with time according to Eq. (7) [3] 
𝑅

𝑅0

= 1 + 𝐶𝑐𝑓𝐽0𝑉 
(6) 

𝑅

𝑅0

= √1 + 2𝐶𝑐𝑓𝐽0
2𝑡 

(7) 

where 𝐶𝑐𝑓 denotes cake filtration constant parameter and has 

units of s.m-2. The volume filtered can be obtained from the 

following equation [3] 

𝑉 =  
1

𝐶𝑐𝑓𝐽0

(√1 + 2𝐶𝑐𝑓𝐽0
2𝑡 − 1) 

(8) 

This equation can then be differentiated to obtain equation for 

flux as a function of time 

𝐽 =  𝐽0(1 + 2𝐶𝑐𝑓𝐽0
2𝑡)−0.5 (9) 

 

2.3 Standard blocking mechanism 

 

In this mechanism it is assumed that membrane consists of 

straight cylindrical pores whose radius decreases with time due 

to the accumulation of solid particles on the pore walls of the 

membrane [11, 17]. The following equations show the 

relationship between resistance and volume filtered (Eq. (10)) 

or time (Eq. (11)) [3] 

𝑅 = 𝑅0(1 −
𝐶𝑠𝑏𝑉

2
)−2 

(10) 

𝑅 = 𝑅0(1 +
𝐶𝑠𝑏𝐽0𝑡

2
)2 

(11) 

In these equations, constant 𝐶𝑠𝑏 denotes fitted parameter for 

standard blocking model which has units of m-1. The equation 

of permeate volume as a function of time thus can be obtained 

[3] 

𝑉 = (
1

𝐽0𝑡
+

𝐶𝑠𝑏

2
)−1 

(12) 

By differentiating the above equation, the equation of flux can 

be obtained as follows 

𝐽 =
1

𝐽0𝑡2
(

1

𝐽0𝑡
+

𝐶𝑠𝑏

2
)−2 

(13) 

 

2.4 Combined cake filtration-intermediate blocking model 

 

Bolton et al. developed a combined model accounting for the 

effects of intermediate blockage and cake formation 

mechanisms. Filtration area loss predicted by the intermediate 

blocking mechanism was combined with the resistance from 

caking. Equation for volume filtered as a function of time can 

be obtained by inserting Eq. (2) and Eq. (7) into Darcy’s 

equation [3] 

𝑉 =
1

𝐶𝑖𝑏

ln(1 +
𝐶𝑖𝑏

𝐶𝑐𝑓𝐽0

((1

+ 2𝐶𝑐𝑓𝐽0
2𝑡)

0.5

− 1)) 

(14) 

The equation can then be differentiated to obtain the equation 

for flux in terms of time 

𝐽 = 𝐽0(1 + 2𝐶𝑐𝑓𝐽0
2𝑡)

−0.5
/(1

+
𝐶𝑖𝑏

𝐶𝑐𝑓𝐽0

((1

+ 2𝐶𝑐𝑓𝐽0
2𝑡)

0.5
− 1)) 

(15) 

In case of caking, the equation of resistance R versus time, Eq. 

(7), was used. The equation of R as a function of V cannot be 

used, since volume filtered is defined relative to the available 

membrane area, which is decreasing during the experiment.  

In case of intermediate blocking, equation of area in terms of 

volume filtered was used. The equation of area loss as a 

function of time is not valid here, since the rate of intermediate 

blocking with respect to time is slower than cake formation. A 

detailed description of these models is provided by Bolton et 

al. [3]. 

 

2.5 Combined standard-intermediate blocking model 

 

Bolton et al. developed a combined model accounting for the 

effects of intermediate blockage and standard blocking 



 

 Zahra Amiri Rigi et al/ International journal of research in engineering and innovation (IJREI), vol 1, issue 5 (2017), 21-33  

 

  

 
 

24 
 

mechanisms using a similar technique. Filtration area loss 

predicted by the intermediate blocking mechanism was 

combined with the resistance due to pore destruction. Equation 

for volume filtered as a function of time can be obtained by 

inserting Eq. (2) and Eq. (11) into Darcy’s equation [3] 

𝑉 =
1

𝐶𝑖𝑏

ln(1 +
2𝐶𝑖𝑏𝐽0𝑡

2 + 𝐶𝑠𝑏𝐽0𝑡
) 

(16) 

The equation can then be differentiated to obtain the equation 

for flux in terms of time 

𝐽 =
2

𝐶𝑖𝑏𝑡(2 + 𝐶𝑠𝑏𝐽0𝑡)
 

(17) 

A summary of these models is provided in Table 1. 

 

3. Experimental 

 

3.1 Skim milk ultrafiltration using a spiral wound module 

 

The experimental data used in this paper were obtained from 

previous studies of skim milk ultrafiltration done by Razavi et 

al. [10]. They used a spiral wound membrane ultrafiltration 

unit (Biocon Company, Moscow, Russia). The membrane 

material was polysulfone amide with a 20-kDa molecular 

weight cut off.  

The membrane system was equipped to a tubular heat 

exchanger and a temperature sensor to keep the feed at constant 

temperature of 40 °C. Membrane unit was also installed to a 

feed tank (20 L) and a flow meter measured the feed flow rate 

which was constant at 15 L.min-1 [10].  

The membrane module was 0.47 m in length with 0.11 m inner 

radius, providing membrane surface area of 0.33 m2.  

Two pressure gauges measured inlet pressure (𝑃𝑖𝑛) and outlet 

pressure (𝑃𝑜𝑢𝑡). The TMP was obtained by the following 

equation [10] 

𝑇𝑀𝑃 =
1

2
(𝑃𝑖𝑛 + 𝑃𝑜𝑢𝑡)

− 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  

(18) 

Feed solution was prepared by mixing skim milk powder with 

water at a temperature of about 50 °C in a blender, providing 

final pH of 6.54. Average content of total solid (TS) and water 

in produced solution was 8.443 and 91.557 %, respectively. 

Experiments were carried out at different TMPs (50, 100, 150, 

200 and 250 kPa) to investigate the effect of pressure on flux 

decline. All experimental runs repeated twice. For each 

filtration run, the water was first contacted with membrane to 

measure water flux. Membrane intrinsic resistance then was 

calculated according to Darcy’s law [10] 

𝑅𝑖,𝑚 =
𝑇𝑀𝑃

𝜇𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  𝐽𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

 
(19) 

Where 𝜇𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  denotes permeate dynamic viscosity (water 

dynamic viscosity) (Pa.s) and 𝑅𝑖,𝑚 denotes membrane intrinsic 

resistance (m-1). Then the water was replaced with 

reconstituted skim milk at 40 °C. The permeate flux was 

measured and recorded every 30 s. 

After 30 min filtration, the operation was stopped and the 

membrane system was cleaned by distilled water and NaOH 

solution according to the protocol described by manufacturer.  

   

3.2 Skim milk ultrafiltration using a Pellicon cassette module 

 

Rinaldoni et al. used a Pellicon cassette membrane 

ultrafiltration unit (Millipore, USA) [18]. The membrane 

material was modified polysulfone with a 10-kDa molecular 

weight cut off and total membrane surface area of 0.5 m2.  

The feed solution was partially skimmed milk supplied by 

MILKAUT which was first heated in a water bath. The feed 

solution then was pumped through the membrane system with 

a constant feed flow rate of 29 ± 0.05 L.min-1.  

The effect of different pressures (0.5, 1 and 1.5 bar) and 

different temperatures (20, 30 and 40 °C) on flux was 

investigated. All experiments were carried out twice. 

 

4. Results 

 

4.1 Skim milk concentration with spiral wound ultrafiltration 

module 

 

The combined cake filtration-intermediate blocking model was 

compared with combined standard-intermediate blocking 

model and experimental data for the concentration of 

reconstituted skim milk. Experiments were performed using a 

polysulfone amide ultrafiltration membrane with twelve 

kilograms of reconstituted skim milk at constant temperature 

and flow rate (40 °C and 15 L.min-1, respectively) [10]. To 

investigate the effect of pressure on flux decline, experiments 

were carried out at 50, 100, 150, 200 and 250 kPa trans-

membrane pressures. The permeate flux was measured as a 

function of time and recorded every 30 s.  

The data and the model predictions for skim milk samples at 

different pressures are shown in Fig. 1. Applying cake 

formation mechanism simultaneously with intermediate 

blocking mechanism (solid green lines) resulted in a very good 

data fit. However, combined intermediate-standard blocking 

model (dashed red lines) better fitted the empirical data with 

error values considerably lower than combined cake 

formation-intermediate blocking model, as it can be seen in 

Table 2. Lowest error value of combined cake formation-

intermediate blocking model were 5.35 × 10-1 and 5.68 × 10-1 

obtained at 250 and 50 kPa TMP, respectively. Lowest 

standard error values of combined standard-intermediate 

blocking model were 2.97 × 10-1 and 4.12 × 10-1 obtained at 50 

and 250 kPa TMP, respectively. Thus combined standard-

intermediate blocking model can be applied effectively for 

separation systems where volume filtered decreases in a 

manner between the extremes of standard blocking and 

intermediate blockage.  

The calculated fitted parameters versus iteration using Curve 

Expert are shown in Fig. 2. As it can be seen in Fig. 2(a), the 

number of iterations used for calculating 𝐶𝑐𝑏 in combined cake 

filtration-intermediate blocking model (red solid line) was 

more than 10 at pressures more than 50 kPa and 0 at 50kPa, 

while it was 0 for calculating 𝐶𝑖𝑏 (green solid lines) at all 
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pressures. This means that Curve Expert is converged after 

more than 10 iterations for 𝐶𝑐𝑏 at high and moderate pressures, 

while converged without any iteration for 𝐶𝑐𝑏 at 50 kPa and for 

𝐶𝑖𝑏 at all pressures. 

Fig. 3 shows the effect of different trans-membrane pressures 

on flux. Averaged values of flux were used and the data was 

modeled using Power regression (solid blue lines) and 

Modified Exponential regression (solid red lines). For Power 

regression, the following equation was used 

𝑌 = 𝑎𝑥𝑏 (20) 

For Modified Exponential regression, the following equation 

was used 

𝑌
= 𝑎𝑒𝑏/𝑥 

  (21) 

in which a and b are constant parameters, which are obtained 

by regression and their values are shown in Table 3. As it can 

be seen from Fig. 3, flux increased by increasing TMP. Power 

regression was in excellent agreement with actual values (blue 

solid circles), with error value approximately half the Modified 

Exponential regression. 

 

4.2 Skim milk concentration with Pellicon cassette 

ultrafiltration module 

 

Experiments were performed using a modified polysulfone 

ultrafiltration membrane with partially skimmed milk at 

constant flow rate (29 ± 0.05 L.min-1) [18]. To investigate the 

effect of pressure on flux decline, experiments were carried out 

at 0.5, 1 and 1.5 bar trans-membrane pressures. Fig. 4 shows 

the effect of different pressures on flux decline. As it can be 

seen from the figure, predictions of combined standard-

intermediate blocking model (dashed red lines) were in 

excellent agreement with experimental data and that’s error 

values were considerably lower than combined cake 

formation-intermediate blocking model. Standard error values 

of these models are provided in Table. 4. 

To investigate the effect of temperatures on flux decline, 

experiments were carried out at 20, 30 and 40 °C. Fig. 5 shows 

the effect of different temperatures on flux decline. With 

increasing temperature, the flux data were increased slightly. 

Similar to the data for flux versus pressure, predictions of 

combined standard-intermediate blocking model (Fig. 5(b)) 

were in excellent agreement with experimental data and that’s 

error values were considerably lower than combined cake 

formation-intermediate blocking model, as it can be seen from 

Table. 5. 

The calculated fitted parameters versus iteration using Curve 

Expert are shown in Fig. 6. As it can be seen in Fig. 6(a,b), the 

number of iterations used for calculating fitted parameters in 

combined cake filtration-intermediate blocking model and 

combined intermediate-standard blocking model at different 

TMPs were less than 5 and 6, respectively. This means that 

fitted parameters of combined cake formation-intermediate 

blocking model and combined intermediate-standard blocking 

model did not changed after approximately 5 and 6 iterations, 

respectively, and that Curve Expert converged at this values.  

The effect of different trans-membrane pressures and 

temperatures on flux decline is shown in Fig. 7 and Fig. 8, 

respectively. Averaged values of flux were used and the data 

of flux versus TMP and temperature was modeled using 

Exponential regression (solid blue line) and Reciprocal 

Logarithm regression (red solid line). For Exponential 

regression, the following equation was used 

𝑌 = 𝑎𝑒𝑏𝑥 (22) 

For Reciprocal Logarithm regression, the following equation 

was used 

𝑌 =
1

𝑎 + 𝑏 ln 𝑥
 

(23) 

As it can be seen from Fig. 7 and Fig. 8, flux increased by 

increasing both TMP and temperature. Error values of two 

regressions are shown in Table 6 (flux vs. TMP) and Table 7 

(flux vs. temperature). Reciprocal Logarithm regression was 

better fitted the data sets of flux versus TMP, while predictions 

of Exponential regression were better for flux data versus 

temperature.  

 

5. Conclusions 

 

To simulate fouling in milk concentration process, combined 

cake filtration-intermediate blocking model proposed by 

Bolton et al. was applied and compared to combined standard-

intermediate blocking model and data for skim milk at constant 

flow operation. The combined models used two fitted 

parameters and simplified to the equations for the typical 

mechanisms when the effects of second fouling mechanism 

were negligible.  

The applicability of model to data for the skim milk 

concentration at different trans-membrane pressures and 

temperatures was tested. The combined standard-intermediate 

blocking model provided the best fit of the data sets and was 

in excellent agreement with experimental results. Thus, 

combined standard-intermediate blocking model can be 

regarded as an effective model for predicting flux decline in 

solutions where the volume filtered decreases in a manner 

between the extremes of standard and intermediate blocking. 

The combined intermediate blocking-cake formation model 

also provided good simulations and can be applied to solutions 

where the volume filtered decreases in a manner between the 

extremes of cake formation and intermediate blocking. 

 

Nomenclature 

A            available membrane area (m2) 

A0           initial membrane area (m2) 

a             regression constant parameter 

b             regression constant parameter 

Cib           intermediate blocking constant (m-1) 

Ccf           cake filtration constant (s.m-2) 

J             flux (m.s-1) 

J0            initial flux (m.s-1) 

Jpermeate    permeate flux (m.s-1) 

Pin           inlet pressure (Pa) 

Pout          outlet pressure (Pa) 
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Ppermeate    permeate pressure (Pa) 

Q            flow rate (m3.s-1) 

R            resistance to flow (m-1) 

R0           initial resistance to flow (m-1) 

Ri,m         intrinsic membrane resistance (m-1) 

t              time (s) 

TMP       trans-membrane pressure (Pa) 

V            volume filtered (m3.m-2) 

µ             feed viscosity (kg.m-1.s-1) 

µpermeate    permeate dynamic viscosity (kg.m-1.s-1) 
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Figure 1: Flux vs. time data for skim milk through spiral wound ultrafiltration membrane module compared to the combined cake formation-

intermediate blocking model and combined standard-intermediate blocking model 

 

 
(a) 
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(b) 

Figure 2: Calculated fitted parameters vs. iteration by Curve Expert: (a) combined cake filtration-intermediate blocking flux prediction and (b) 

combined standard-intermediate flux prediction 

 

 
Figure 3: Averaged data values of flux vs. TMP for skim milk through spiral wound ultrafiltration membrane module compared to the Power and 

Modified Exponential regressions 
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Figure 4: Flux vs. time data for partially skimmed milk through Pellicon cassette ultrafiltration membrane module compared to the combined 

cake formation-intermediate blocking model and combined standard-intermediate blocking model at different pressures 
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(b) 

Figure 5: Flux vs. time data for partially skimmed milk through Pellicon cassette ultrafiltration membrane module compared to the (a) combined 

cake formation-intermediate blocking model and (b) combined standard-intermediate blocking model at different temperatures 
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(c) 

  

 
(d) 

Figure 6: Calculated fitted parameters of combined cake filtration-intermediate blocking model vs. iteration by Curve Expert at different 

pressures (a) and different temperatures (c), and fitted parameters of combined standard-intermediate blocking model at different pressures (b) 

and different temperatures (d) 

 

 
Figure 7: Averaged data values of flux vs. TMP for partially skimmed milk through Pellicon cassette ultrafiltration membrane module compared 

to the Reciprocal Logarithm and Exponential regressions 
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Figure 8: Averaged data values of flux vs. temperature for partially skimmed milk through Pellicon cassette ultrafiltration membrane module 

compared to the Reciprocal Logarithm and Exponential regressions 

 
 

Table 1: Summary of the flux equations for cake filtration model, intermediate blocking model, standard blocking model, combined standard-

intermediate blocking model and combined cake formation-intermediate blocking model 

Model Equation Fitted parameters 

Cake filtration (Eq. (9)) 𝐽 =  𝐽0(1 + 2𝐶𝑐𝑓𝐽0
2𝑡)−0.5 Ccf (s.m-2) 

Intermediate blocking (Eq. (5)) 𝐽 = 𝐽0/(1 + 𝐶𝑖𝑏𝐽0𝑡) Cib (m
-1) 

Standard blocking (Eq. (13)) 
𝐽 =

1

𝐽0𝑡2
(

1

𝐽0𝑡
+

𝐶𝑠𝑏

2
)−2 

Csb (m
-1) 

Cake-intermediate (Eq. (15)) 
𝐽 = 𝐽0(1 + 2𝐶𝑐𝑓𝐽0

2𝑡)
−0.5

/(1 +
𝐶𝑖𝑏

𝐶𝑐𝑓𝐽0

((1 + 2𝐶𝑐𝑓𝐽0
2𝑡)

0.5
− 1)) 

Ccf (s.m-2), Cib (m
-1) 

 

Standard-intermediate (Eq. (17)) 
𝐽 =

2

𝐶𝑖𝑏𝑡(2 + 𝐶𝑠𝑏𝐽0𝑡)
 

Csb (m
-1), Cib (m

-1) 

 

 
 

Table 2: Combined cake filtration-intermediate blocking model and combined intermediate-standard blocking model standard error values and 

fitted parameters for skim milk ultrafiltration through spiral wound membrane module at different TMPs 

Model Model standard error Fit parameter values 
 
 

 

 
Cake-intermediate (Eq. (15)) 

5.68 × 10-1 
 

7.5 × 10-1 

 
6.53 × 10-1 

 

6.30 × 10-1 

 

5.35× 10-1 

 

Cib = 2.28 × 102 m-1 (50 kPa) , 
Ccf = -3.86 × 101 s.m-2 (50 kPa) 

Cib = 2.60 × 102 m-1 (100 kPa) , 

Ccf = -2.96 × 106 s.m-2 (100 kPa) 
Cib = 1.38 × 102 m-1 (150 kPa) , 

Ccf = -2.00 × 106 s.m-2 (150 kPa) 

Cib = 1.11 × 102 m-1 (200 kPa) , 
Ccf = -1.58 × 106 s.m-2 (200 kPa) 

Cib = 9.42 × 101 m-1 (250 kPa) , 

Ccf = -1.35 × 106 s.m-2 (250 kPa) 

 

 

 
 

Intermediate-standard (Eq. (17)) 

2.97 × 10-1 

 

5.56 × 10-1 

 

4.8 × 10-1 

 
5.09 × 10-1 

 

4.12 × 10-1 

Cib = 4.36 × 102 m-1 (50 kPa) 

Csb = -8.36 × 101 m-1 (50 kPa) 

Cib = 3.92 × 102 m-1 (100 kPa) 
Csb = -8.16 × 101 m-1 (100 kPa) 

Cib = 2.09 × 102 m-1 (150 kPa) 

Csb = -6.09 × 101 m-1 (150 kPa) 
Cib = 1.62 × 102 m-1 (200 kPa) 

Csb = -4.94 × 101 m-1 (200 kPa) 

Cib = 1.38 × 102 m-1 (250 kPa) 
Csb = -4.5 × 101 m-1 (250 kPa) 

 

 
Table 3: Power and Modified Exponential regression standard error values and constant parameters for skim milk ultrafiltration through spiral 

wound membrane module at different TMPs 

Regression Regression standard error a b 
Power 3.62 ×10-1 3.19 ×10-1 5.89 ×10-1 

Modified exponential 6.92 ×10-1 1.00 ×101 -6.56 ×101 
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Table 4: Combined cake filtration-intermediate blocking model and combined intermediate-standard blocking model standard error values and 

fitted parameters for partially skimmed milk ultrafiltration through Pellicon cassette membrane module at different TMPs 

Model Model standard error Fit parameter values 
 

 
Cake-intermediate (Eq. (15)) 

1.71 × 10-1 

 
2.12 × 10-1 

 

1.79 × 10-1 

 

Cib = 2.79 × 102 m-1 (0.5 bar) , 

Ccf = 9.91 s.m-2 (0.5 bar) 
Cib = 1.74 × 102 m-1 (1 bar) , 

Ccf = -2.74 × 10-1 s.m-2 (1 bar) 

Cib = 9.66 × 101 m-1 (1.5 bar) , 
Ccf = 1.48 s.m-2 (1.5 bar) 

 

 
Intermediate-standard (Eq. (17)) 

0.47 × 10-1 

 
0.39 × 10-1 

 

0.51 × 10-1 

 

Cib = 8.54 × 102 m-1 (0.5 bar) 

Csb = -3.03 × 102 m-1 (0.5 bar) 
Cib = 5.07 × 102 m-1 (1 bar) 

Csb = -1.85 × 102 m-1 (1 bar) 

Cib = 2.79 × 102 m-1 (1.5 bar) 
Csb = -1.17 × 102 m-1 (1.5 bar) 

 
 

Table 5: Combined cake filtration-intermediate blocking model and combined intermediate-standard blocking model standard error values and 

fitted parameters for partially skimmed milk ultrafiltration through Pellicon cassette membrane module at different temperatures 

Model Model standard error Fit parameter values 
 

 

Cake-intermediate (Eq. (15)) 

2.81 × 10-1 

 

2.68 × 10-1 
 

2.56 × 10-1 

 

Cib = 2.43 × 102 m-1 (20 °C) , 

Ccf = 1.45 × 103  s.m-2 (20 °C) 

Cib = 2.14 × 102 m-1 (30 °C) , 
Ccf = 2.84 s.m-2 (30 °C) 

Cib = 1.76 × 102 m-1 (40 °C) , 

Ccf = -4.89 × 102  s.m2 (40 °C) 

 

 

Intermediate-standard (Eq. (17)) 

0.65 × 10-1 

 

0.58 × 10-1 

 

0.63 × 10-1 

 

Cib = 7.09 × 102 m-1 (20 °C) 

Csb = -2.49 × 102 m-1 (20 °C) 

Cib = 6.51 × 102 m-1 (30 °C) 
Csb = -2.38 × 102 m-1 (30 °C) 

Cib = 5.56 × 102 m-1 (40 °C) 

Csb = -2.2 × 102 m-1 (40 °C) 

 

 
Table 6: Reciprocal Logarithm and Exponential regression standard error values and constant parameters for partially skimmed milk 

ultrafiltration through Pellicon cassette membrane module at different TMPs 

Regression Regression standard error a b 
Exponential 0.77× 10-1 9.56 × 10-1 7.42 × 10-1 

Reciprocal Logarithm 0.31× 10-1 4.89 × 10-1 -3.54 × 10-1 

 

 
Table 7: Reciprocal Logarithm and Exponential regression standard error values and constant parameters for partially skimmed milk 

ultrafiltration through Pellicon cassette membrane module at different temperatures 

Regression Regression standard error a b 
Exponential 0.26× 10-1 1.83 5.75 × 10-3 

Reciprocal Logarithm 0.4× 10-1 7.16 × 10-1 -7.58 × 10-2 

 
 


