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6

The efficiency of 

pressure-driven membrane processes is primarily evaluated by measuring the permeate 

flux (equation 1) and the rejection percentage (equation 2).

   .1)

V is the volume of permeate collected (m3) at a particular time interval in t (sec), and 

A is the active membrane area (m2). 

   1.2)

Here, Cp is the solute concentration in the permeate (mg/L), and Cf is the solute 

concentration in the feed (mg/L). Rejection values are between 0% (for solutes having 

6

Here, Cp is the solute concentration in the permeate , and Cf is the solute 

concentration in the feed Rejection values are between 0% (for solutes having 

V is the volume of permeate collected at a particular time intervalat a particular time interval t , and 

A is the active membrane areaA is the active membrane area
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the highest probability of passing through the membrane) and 100% (when the 

membrane completely retains solutes).

Several polymeric membranes are widely utilized in industrial applications due to 

their cost-effectiveness, ease of fabrication, and versatility in pore size distribution. 

Common polymeric materials include polypropylene (PP), polyethylene (PE), 

polysulfone (PS), polyethersulfone (PES), polytetrafluoroethylene (PTFE), cellulose 

acetate (CA), polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), and 

polyamide (PA). For continuous operations, membranes are assembled 

into specialized modules, which vary in design, operational efficiency, and energy 

consumption. Hollow fiber, spiral wound, tubular, plate-and-frame, and capillary are 

the primary configurations used in large-scale industrial applications.

Figure 1.3 Membrane filtration process (cross-flow)

In recent years, growing economic interest has been in recovering and purifying 

bioactive compounds, particularly soluble polyphenols, from food processing streams 

and by-products. Membrane processes have emerged as practical techniques for 

selectively fractionating or concentrating phenolic compounds from various natural 

sources, extracts, and by-product streams. These methods offer distinct advantages 

over conventional separation techniques, including high efficiency, scalability, and 

7

the highest probability of passing through the membrane) and 100% (when the 

membrane completely retains solutes).
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lower energy consumption. Table 1.1 summarizes the previous literature on the 

recovery or concentration of phenolic compounds.

Table 1.1: Summary of membrane-based operations in concentrating or recovering

phenolic compounds 

Natural 

Source

Process; 

material; 

MWCO

Recovered 

component

Findings Ref.

Pomegranate 

juice

FO; TFC Anthocyanin 4.2-fold concentration 

of anthocyanins

[49]

Apple juice NF; TFC; 200-

300 Da

TPC 83.7 % recovery [50]

Beetroot 

juice

FO; CTA TPC 10-fold concentration 

of anthocyanins

[51]

Jambolan 

fruit extract

UF & NF; 140 

4000 Da

Gallic acid; 

Catechin

1.1-fold and 5-fold 

concentration of gallic 

acid for UF and NF, 

respectively; 1.8-fold 

and 4.9-fold 

concentration of gallic 

acid for UF and NF, 

respectively.

[52]

Carob pulp 

juice

FO; CTA TPC 2.24-fold 

concentration of TPC

[53]

Broccoli 

juice

UF; PES; TPC 94% recovery [54]

Cactus pear 

juice

OMD; PTFE TPC 2.6-fold concentration 

of TPC

[55]

Cactus pear 

juice

UF; PSU; 10000 

Da

Betacyanins;

Betaxanthins

The rejection rates for 

betaxanthins and 

betacyanins were

[56]

8
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6.5% and 36%, 

respectively.

Cactus pear 

juice

MF; PVDF; 0.20 

PVDF; 200000 

Da

Flavonoids The rejection of 

flavonoids for MF 

and UF was 37 %  

and 42%, 

respectively.

[57]

Clementine 

mandarin 

juice

UF; Modified 

PEEK and PSU

Total 

polyphenols

The rejection towards 

total phenolics was 

16.4% and 8.2% for 

modified PEEK & 

PSU membranes, 

respectively.

[58]

Pomegranate 

juice

UF; Modified 

PEEK; 10% 

rejection dextran 

68800 MW

Polyphenols; 

Anthocyanins

Rejections towards 

polyphenols and 

anthocyanins were 

16.5% and 11.7%, 

respectively.

[59]

Kiwifruit 

juice

UF; Cellulose; 

30000 Da

Total 

polyphenols

The rejection of total 

phenolics was 13.5%.

[60]

Bergamot 

juice

UF; PSU, and 

Fluoropolymer; 

1000 and 100000 

Da; & NF; TiO2

450 and 700 Da

Narirutin, 

Hesperidin, 

Neohesperidin, 

The UF showed very 

low rejections in the 

range of 0-22% for 

different flavonoids, 

whereas NF showed 

rejection percentages 

in the range of 48-

63% for 750 Da and 

92-99% for 450 Da 

membranes.  

[61]

9
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Roselle 

extract

MF; Ceramic; Anthocyanins 98.4 % recovery rate 

of anthocyanin in the 

permeate.

[62]

Roselle 

extract

UF; PA, PES, 

and thin film; 

1000 -150000 

Da; & NF; PA, 

PES; 200 - 400 

Da

Anthocyanins

recovery rate in 

retentate varied from 

60-100% and 90-

100% for different UF 

and NF membranes, 

respectively.  

[63]

Lemon juice UF; PVDF;  Hesperidin 65.8% recovery rate 

of hesperidin in the 

permeate.

[64]

Castanea 

sativa leaves 

aqueous 

extract

UF; Modified 

PES; 5000 and 

10000 Da

Total 

phenolics

Recovery rate of 92% 

and 82.5% of total 

phenolics in the 

retentate for 5000 and 

10000 Da, 

respectively.

[65]

Sideritis 

extract

NF; Modified 

polyimide; 300 -

500 Da

Flavonoids All membranes 

showed high rejection 

of flavonoids, i.e., 

from 97% up to 99%.

[66]

Raspberry 

juice

MF; Ceramic, 

PSU; 30000 Da; 

Anthocyanins Recovery rate of 83% 

and 56% of 

anthocyanins in the 

permeate for MF and 

UF, respectively.

[67]

Clove basil UF; PES; 10000 

Da

Rosmarinic, 

Chlorogenic, 

and

76.80 ± 0.59 % and 

52.52 ± 0.04 % of 

polyphenol 

[68]

10
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other phenolic 

acids

compounds and 

rosmarinic acid were 

retained, respectively

Pressure-driven membrane systems play a crucial role in recovering phenolic 

compounds from their natural sources, spanning operations from pre-filtration to 

concentration. By integrating these processes sequentially or combining them with 

other separation technologies, researchers and engineers can enhance recovery 

efficiency while preserving the bioactivity of phenolic compounds. This approach 

provides a cost-effective solution with reduced energy, capital, and labor expenditures.

Current applications include the extraction of valuable components from the agro-food 

and dairy industries and their by-products [69]-[72], as well as from natural sources 

such as fruits, juices, and botanical extracts [56], [73]-[78]. Historically, membrane 

technology in natural product processing primarily targeted turbidity reduction in 

juices [76], [79]. While this "clarification" process removes suspended solids and 

various components, contemporary membrane operations provide additional benefits 

beyond removing high-molecular-weight compounds; they enable selective recovery 

of specific constituents in either the permeate or retentate streams, depending on the 

membrane selected. 

1.4.1.1 MF in concentrating/recovering polyphenols or natural bioactives

MF uses membranes with large pore sizes (0.1 10 µm) and is ideal for removing 

emulsions, colloids, suspended particles, spoilage microorganisms, and high-

molecular-weight compounds [80]. This filtration process can positively impact the 

physical properties of natural products, such as improving colorimetric analysis by 

removing suspended solids [81]. Moreover, the high efficiency of MF membranes in 

removing these components facilitates the production of clarified permeates enriched 

in low-molecular-weight solutes. For instance, several valuable solutes have been 

recovered in permeate streams, including vitamin C [62], malic acid, sugars [82], and 

polyphenols [83], [84]. While the molecular weight of these compounds, such as 

polyphenols, ranges from 150 to 600 Da [85], [86], suggesting potential recovery rates 

11
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of nearly 100%, the actual recovery rates range from 45% to 100%. Membrane fouling 

plays a significant role in solute retention, attributed to partial pore blocking, complete 

pore blocking, cake formation, and internal pore blocking. [47], [87].  

Dos Santos et al. [88] investigated membrane separation processes (MSP) to clarify 

extracts rich in betalains from red beet stalks, which are typically treated as agro-

industrial waste despite their potential as natural food colorants. The researchers 

employed a two-stage p nominal-pore-size

ceramic membrane, followed by UF with a 20 kDa membrane. The results showed that 

the MF membrane retained approximately 20% of betanin, while the UF membrane 

retained about 35%. During processing, MF showed approximately 75% reduction in 

permeate flux after 4 hours, while UF showed about 60% reduction after 45 minutes, 

indicating significant fouling and concentration polarization.

1.4.1.2 UF in concentrating/recovering polyphenols or natural bioactives

UF membranes have smaller pore sizes (0.01 0.1 µm) and represent the predominant 

membrane-based separation methodology for isolating valuable components from 

natural products, demonstrating superior efficiency compared to MF processes. UF 

technology exhibits separation efficiencies ranging from 56% to 100%. The permeate 

streams typically contain recovered bioactive compounds, including antioxidant 

components [89], betacyanins, betaxanthins, and glutamic acid [56], [90], polyphenols 

[58], [91], flavonoids [57], and anthocyanins [92]. While MWCO represents a primary 

consideration in membrane selection, it is not an absolute barrier to solute recovery. 

The asymmetric structure of membrane pores often exhibits variable MWCOs, 

facilitating the separation of lower-molecular-weight components [93], [94]. This 

structural characteristic enables UF membranes with narrow pore sizes (1-5 kDa) to 

achieve high recovery rates of low molecular weight compounds, including various 

anthocyanins (cyanidin 3,5-O-diglucoside, delphinidin 3-O-glucoside, pelargonidin 

3,5-O-diglucoside) [62] and polyphenols [91]. Indeed, these narrow-pore-size 

membranes operate at the technological boundary between UF and NF. 

Cassano et al. [59] investigated an integrated membrane process combining UF and 

OD to produce concentrated pomegranate juice while preserving its nutritional value 

12
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and bioactive compounds. The hollow-fiber UF process showed low rejection rates for 

polyphenols (16.5%) and anthocyanins (11.7%) and complete removal of suspended 

solids. The clarified juice was then concentrated using OD at ambient temperature, 

increasing the TSS content from 162 g/kg to 520 g/kg. Another study by Wei et al. 

[95] investigated the separation characteristics of binary mixtures of rutin and glucose 

using Pellicon-2 regenerated cellulose UF membrane with a MWCO of 1000 Da. For 

the separation of rutin (in the retentate) and glucose (in the permeate), the best results 

were obtained at rutin enrichment of 2.9 and recovery of 72.5%, respectively. Also, 

diafiltration further improved the performance of this system, with only approximately 

11% of glucose in the retentate. Díaz-Reinoso et al. [65] also investigated UF to 

concentrate antioxidant compounds from aqueous extracts of Castanea sativa

(chestnut) leaves. The authors scaled up an aqueous extraction process of chestnut 

leaves and employed a sequential UF system using two membranes (5 kDa and 10 

kDa) to concentrate the active phenolic compounds. Two configurations were 

evaluated: Configuration I involved direct sequential filtration, while Configuration II 

incorporated batch dilution of the retentate between filtration steps. Membrane fouling 

was analyzed using four models: total pore blocking, standard pore blocking, 

intermediate pore blocking, and cake layer formation. For the 5 kDa membrane, the 

cake layer formation model provided the best fit, while the standard pore-blocking 

model best described the 10 kDa membrane behavior in Configuration II. The study 

found that both membranes exhibited similar rejection patterns for phenolic 

compounds and soluble proteins, with no preferential separation between them. The 

final retentate product contained 40% phenolic compounds and demonstrated radical-

scavenging capacity comparable to that of Trolox and BHA (synthetic antioxidants). 

Analysis revealed the selective concentration of certain flavonoids (rutin, quercetin, 

apigenin) in the retentate, while some simple phenolics were found in the permeate. 

Acosta et al. [96] also investigated the feasibility of using UF membranes to selectively 

separate ellagitannins from blackberry (Rubus adenotrichus Schltdl.)  juice. The 

researchers tested six organic tight UF membranes with nominal MWCOs ranging 

from 1 to 150 kDa. Experiments were conducted at a constant temperature of 30°C, 

cross-flow velocity of 0.3 m/s, and varying pressures (0.5-3 MPa). The results showed 

13
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that complete retention (100%) of ellagitannins was achieved by all membranes except 

for the membrane with a nominal MWCO of 150 kDa when pressure exceeded 1 MPa. 

Anthocyanin retention increased with pressure for all membranes, reaching over 90% 

at 3 MPa. The membrane with a nominal MWCO of 2 kDa showed the highest 

anthocyanin flux at 2 MPa, making it the most promising for fractionating blackberry 

polyphenolic compounds. 

1.4.1.3 NF in concentrating/recovering polyphenols or natural bioactives

Unlike MF and UF, which typically recover solutes in the permeate stream, NF proves 

more effective by concentrating target compounds in the retentate. NF membranes 

feature even smaller pores (1 10 nm) that can filter out divalent and larger monovalent 

ions, making them suitable for water softening, desalination, and the removal of 

organic compounds such as pesticides. Recovery rates with NF processes are notably 

high, ranging from over 85% to nearly 100%. This efficiency largely depends on the 

membrane material and the specific interactions between solutes and the membrane 

surface [65]. NF is particularly effective in recovering high-value bioactives such as 

phenolic compounds, anthocyanins, and flavonoids. Accordingly, NF has been 

recognized as an emerging technology for producing nutraceuticals from agri-food 

sources and by-products [93], [97]. For phenolic compounds specifically, processing 

natural sources appears to be a more economically viable approach for industrial 

applications [98]-[100]. 

Cai et al. [101] investigated the rejection mechanisms of six typical phenolic 

compounds in fruit juice during NF using model solutions with two commercial NF 

membranes (VNF1 and VNF2). For the VNF1 membrane, rejection rates demonstrated 

clear stratification based on molecular structure complexity: higher molecular weight 

compounds showed superior retention (rutin: 99.14%, chlorogenic acid: 96.80%), 

while simpler phenolic structures exhibited moderate to low rejection (caffeic acid: 

55.04%, ferulic acid: 45.82%, protocatechuate: 26.20%, gallic acid: 18.91%). The 

VNF2 membrane displayed generally higher rejection rates but with notable 

differences in compound-specific behavior: both rutin and chlorogenic acid achieved 

near-complete rejection (99.75% and 98.23%, respectively), while gallic acid and 

protocatechuate showed substantial retention (86.34% and 79.97%), and caffeic acid 
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and ferulic acid demonstrated identical moderate rejection (39.69%). Operational 

parameters significantly influenced separation efficiency, with gallic acid rejection in 

VNF1 increasing from 8% to 22% as pressure increased from 2 to 8 bar. VNF2 showed 

greater pressure sensitivity, with rejection rising from 58% to 83% over the same 

pressure range. Uyttebroek et al. [102] investigated the extraction and concentration 

of phenolic compounds from apple pomace using NF technology at laboratory and 

pilot scales, coupled with a techno-economic assessment. In the membrane screening 

phase, various commercial NF membranes were evaluated, with NFX ultimately 

selected for its high retention of phenolic compounds (95-99%) and suitable permeate 

flux. Laboratory-scale concentration tests achieved a volume concentration factor 

(VCF) of 32.4, resulting in an 18.6-fold increase in phenolic compound concentration. 

At the pilot scale, the process was scaled up using a spiral-wound membrane module, 

eventually achieving a total VCF of 28.5 and concentrating the ten selected phenolic 

compounds and quinic acid by a factor of 21.1 (from 59.5 mg/L to 1256.1 mg/L). 

Tundis et al. [103] investigated the use of three commercial NF membranes (NP010, 

ETNA 01PP (both 1000 Da), and NP030 (400 Da)) to concentrate bioactive 

compounds from elderberry (Sambucus nigra L.) juice. HPLC analysis revealed that 

the main constituents of the untreated elderberry juice were cyanidin-3-O-

sambubioside (300.7 mg/L), cyanidin-3-O-glucoside (147.1 mg/L), and quercetin 

(142.9 mg/L). All selected membranes showed high rejection rates (>75%) for 

anthocyanins, quercetin-3-O-rutinoside, and astragalin, with lower rejections (25-

42%) for protocatechuic acid and catechin. The NP030 membrane, with the lowest 

MWCO, exhibited the highest rejection for all bioactive compounds, completely 

rejecting anthocyanins and quercetin-3-O-rutinoside. Mejia et al. [104] employed NF 

membranes to extract and purify phenolic compounds from grape pomace. The results 

of the study showed that the CA400-22 membrane had the highest permeate flux and 

the best separation performance between sugars and phenolic compounds, with 

rejection coefficients of 19% and 12% for glucose and fructose, respectively, and 73% 

and 92% for TPC and proanthocyanidins, respectively. 
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the main constituents of the untreated elderberry juice were cyanidin-3-O-

sambubioside (300.7 mg/L), cyanidin-3-O-glucoside (147.1 mg/L), and quercetin 

(142.9 mg/L). All selected membranes showed high rejection rates (>

[102] investigated the extraction and concentration 

of phenolic compounds from apple pomace using NF technology at laboratory and of phenolic compounds from apple pomace using NF technology at laboratory and of phenolic compounds from apple pomace using NF technology at laboratory and 

pilot scales, coupled with a techno-economic assessment. In the membrane screening 
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1.6 Research Objectives

The research aimed to apply the membrane-based operation to concentrate different 

phenolic compounds. The detailed objectives of the present study are as follows.

I. To examine the performance of the HFT-NF 150 membrane in 

concentrating different molecular weight phenolic compounds.

II. Mathematical modeling, determination of the transport parameters, and 

optimization of the operating parameters.

III. Scale-up of the process using a mathematical model to analyze its

viability in a commercial operation.

IV. Concentrate a phenolic compound from a natural resource using an NF

membrane.

Chapter 1 provides the foundation for understanding the research context by 

introducing the background of phenolic compounds, their sources, and their 

importance. It also outlines traditional separation methods and their inherent 

limitations for the separation and concentration of phenolic compounds, providing an 
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overview, identifying research gaps, and establishing the significance of the proposed 

work. It also presents a comprehensive literature review of membrane technology 

fundamentals, progress in the separation/concentration of phenolic compounds, and 

the associated challenges. It also highlights critical research gaps and a roadmap to 

position membrane filtration as a viable, efficient, and sustainable approach for 

concentration.

Chapter 2 focuses on the theoretical foundations and mathematical modeling essential 

to understanding membrane transport phenomena. This chapter explains the mass 

transfer mechanisms in membrane processes by introducing the basics of several 

models, including the Solution-Diffusion (S-D) and Pore Flow (P-F) models, with 

particular emphasis on the Spiegler-Kedem (S-K) model. The chapter provides an

overview of the mathematical equation of the S-K model used to determine membrane 

transport parameters. The theoretical underpinnings of the S-K model approach are 

presented in detail, along with the governing equations and computational frameworks 

utilized. A variance-based sensitivity analysis is also given to understand the impact 

and interdependence of various input variables on membrane performance. This 

chapter also includes the detailed theory and simulation equations used for the scale-

up studies, emphasizing increasing the filtration area to process larger volumes

within the specified timeframes. Chapter 2 lays the groundwork for the successful 

implementation and analysis within the broader context of the thesis.

Chapter 3 details the key instrumentation and experimental procedure employed in 

the concentration/separation of different phenolic compounds. The chapter discusses 

the extensive characterization techniques used to analyze the membrane and its output 

characteristics, including measurements of permeate flow rates and concentrations. 

Furthermore, the self-assembled experimental setup, including the NF membrane test 

cell and other key components, is comprehensively covered.  It then describes the step-

by-step experimental procedures for NF and the optimization technique used.

Emphasis is placed on the design considerations, operational parameters, and control 

mechanisms to ensure data reliability.

Chapter 4 investigates the potential of NF for the recovery of rutin from different 

model solutions. The aim was to optimize the separation process and validate a 
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mathematical model for mass transport. The chapter systematically evaluates the 

performance of the HFT-NF 150 membrane across 5 binary systems of rutin + water 

with concentrations ranging from 20 mg/L to 100 mg/L. Each binary system was 

analyzed for 25 points by varying pressure (2 106 Pa - 6 106 Pa) and feed flow rates 

(6 L/h 36 L/h). The chapter also discusses the results of the mathematical modeling

performed using the three-parameter S-K model. The key parameters, such as 

hydraulic permeability, solute permeability, and reflection coefficient, were optimized 

as 5.52 10-11 m3/m2sPa, 2.15 10-7 m/s, and 0.98, respectively. The experimental 

values were then compared with the theoretical values to validate the results using the 

S-K model. The validation of 125 data points showed low mean absolute percentage 

errors (MAPEs) for permeate flow rate (16.6%), concentration (14.85%), and rejection 

percentage (0.46%). The chapter also presents the findings of a global sensitivity 

analysis, examining the sensitivities of various operating conditions and membrane 

parameters. The chapter then discusses the performance of the scale-up simulations 

for rutin to check the overall system's efficiency. 

Chapter 5 explores the use of NF to concentrate betanin from model beetroot 

solutions, including the experimental outcomes for 5 binary systems of betanin and 

water using the polyamide HFT-NF 150 membrane, with concentrations ranging from 

0.1 g/L to 0.5 g/L. Each binary system was analyzed at 25 points, varying pressure 

(0.2 MPa 0.6 MPa) and feed flow rate (200 mL/min 600 mL/min). The chapter 

presents two optimization methods and their MAPE values. The best-fit optimization 

method involved optimizing all parameters, such as hydraulic permeability, solute 

permeability, and reflection coefficient, mass transfer coefficients a and b as 

5.046 10-11 m3/m2sPa, 4.35 10-7 m/s, 0.967, 1.285 10-2, 1.355 10-1, respectively. 

The chapter also uses global sensitivity analysis to discuss the sensitivities of various 

operating conditions and membrane parameters. The chapter then discusses the 

performance of the scale-up simulations for betanin to check the overall system's 

efficiency. 

Chapter 6 presents the significant findings from experiments conducted to determine 

betanin concentration in beetroot juice. The chapter integrates the description of a self-

assembled hybrid system (UF+NF) for the experimental procedure. The chapter
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also includes the experimental outcomes from 125 filtration data sets through a hybrid 

system, varying time (5 min - 25 min), pressure (2 bar - 6 bar), and feed flow rate (200 

mL/min - 600 mL/min). This chapter also discusses the effects of various operating 

conditions on permeate flux and rejection, provides a detailed account of membrane 

fouling behavior, and compares different fouling mechanisms.

Chapter 7 discusses the significant findings that will help conclude the thesis. It also 

presents the social impact of the research on the concentration of different phenolic 

compounds. The chapter outlines the research outcomes and provides a view of the

open path for future work. Key suggestions include developing hybrid processes, 

adopting a data-driven modeling approach for process optimization, and advancing 

membrane technology.

The thesis employs a chapter-wise reference system to ensure clear organization

and easy access to source materials.
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CHAPTER 2

THEORY AND MATHEMATICAL MODELING
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Figure 2.1 Solution-Diffusion model 

Figure 2.2 Pore-Flow model 
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Figure 2.3 Irreversible-Thermodynamic model
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The performance of the membrane-based process is restricted by a phenomenon 

known as concentration polarization, which establishes a concentration gradient 

between the feed solution and the solution present at the solution-membrane interface 

[33]-[37]. This is because a layer develops at the membrane surface due to the 
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accumulation of impermeable solute particles known as the concentration polarization 

layer. This results in a reduction in the solvent permeation flux due to counter-

diffusion. The boundary layer thickness decreases as the feed flow rate increases. 

Figure 2.4 Concentration profile in the membrane process
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44

P and Q are the independent matrices with each N row of input datasets. The matrix 

Ri contains all the input parameters of matrix P except the ith column, which is taken 

from matrix Q. To evaluate the first order and total order sensitivity of n number of 

input parameters, total n+2 number of matrices are required, where P and Q are the 

independent matrices and other (R1, R2 n) are constituted by the replacement of 

ith column of matrix P and Q [38]-[40].

2.5 Scale-up Studies

The transition from laboratory-scale experiments to industrial applications is a 

complex, multi-stage process that encompasses technical, economic, and operational 

considerations. One critical phase of this transition is scale-up, which focuses on 

increasing the effective filtration area to enable the processing of substantially larger 

feed volumes within predefined production timeframes. 

44
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3.6 Parameter Estimation Technique

The above model contains five unknown parameters: the hydraulic permeability (Lp), 

solute permeability (Bm), reflection coefficient ( ), and two mass transfer coefficients, 

a and b. More accurate values of these unknown parameters are required to evaluate

membrane performance. 

An initial assumption for every model parameter is used to start the parameter 

estimation for the model. The predicted values of output characteristics, such as 

permeate flow rates (Qp) and permeate concentrations (Cp), obtained from the model 

equations, were then compared with experimental values under different feed and 

operating conditions. The overall error between the theoretical and experimental 

characteristics was then minimized by formulating it as an objective function and 

adjusting the parameter values. The estimation was terminated if the computed error 

was below the desired tolerance limit and the obtained parameter values were correct. 

If the overall error was significant, the chosen parameter values were refined using 

optimization techniques. The above procedure was repeated until the experimental and 

predicted permeate characteristics were as close as possible and the error was 

minimized. The method, dependent on the Simplex search technique, was applied to 

estimate the parameters from a given set of experimental data. Once the actual 

parameters were received, the parameter set was used for model validation and prior 

simulation [10].

Algorithm: Figure 3.5 represents the general algorithm for the parameter estimation.

Firstly, obtain the initial predictions for the parameters.
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Compute the values of error at all experimental data points. The expression for 

error is defined in equation (3.2)

Here, t is the number of experimental data points and their corresponding theoretical 

values used for the error calculation. Hence, the overall error is an optimization 

function dependent on all unknown model parameters. 

Parameter values are then adjusted to minimize the error by use of an 

optimization technique till the error is below a tolerance value. 

      Minimize overall error = f (Lp, Bm, ,  a, b).

Figure 3.5 Algorithm flow chart for parameter estimation
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In earlier literature, the unconstrained optimization method was applied to calibrate 

the unknown parameters. In unconstrained optimization, the parameter values are not 

restricted. Still, the values of unknown parameters cannot be negative, so a 

constrained optimization technique was used.
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Figure 4.1 Rutin
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Operating conditions Value/Ranges

Feed concentration 20 - 100 mg/L

Pressure 2 105 - 6 105 Pa

Feed flow rate 12 - 36 L/h

Temperature 22 ± 1°C

Time 5 minutes
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Pressure (Pa) Qw the (L/h) Qw exp (L/h) Percentage error

2 105 0.31 0.32 2.57

3 105 0.47 0.48 2.57

4 105 0.62 0.64 2.57

5 105 0.78 0.80 2.57

6 105 0.94 0.94 0.50

Predicted hydraulic permeability, Lp = 5.52 10-11 m3/m2sPa.
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Figure 4.2 Pure water flux vs. pressure at a constant feed flow rate of 30 L/h
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Permeate Characteristics MAPE mAPE

Permeate flow rate 16.6 36

Permeate concentration 14.85 54

Rejection Percentage 0.46 1.8
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Figure 4.3 Effect of pressure on (a) permeate flux and (b) rejection percentage, for 

rutin model solutions, at a fixed flow rate of 36 L/h
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Figure 4.4 Effect of feed concentration on (a) permeate flux and (b) rejection 

percentage, for rutin model solutions, at a fixed flow rate of 36 L/h
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Figure 4.5 Effect of feed flow rate on (a) permeate flux and (b) rejection percentage, 

for rutin model solutions, at a feed concentration of 20 mg/L
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Parameters Range

Pressure, Pa 2 105 - 6 105 

Feed concentration, mg/L 20 - 100

Feed flow rate, L/h 6 - 36

Hydraulic permeability, kg/m2sPa 5.5 10-9 - 5.5 10-7

Solute permeability, m/s 2.15 10-6 - 2.15 10-8

Reflection coefficient 0.7- 1
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Figure 4.10 Schematic diagram for scale-up
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The attempt to investigate the separation of different model rutin solutions was 

successfully achieved in this study. The best performance of the HFT-NF150 

membrane for rutin concentration was observed at a pressure of 6 105 Pa and a feed 

flow rate of 36 L/h, with a maximum permeate flux of 3.04 10-5 m3/m2s and a 

maximum separation of 98.5%. The theoretical studies of the transport parameters 

used to estimate membrane performance were also evaluated using equations from the 

Spiegler-Kedem model. The experimental and theoretical results for permeate flow 

rate, permeate concentration, and percentage rejection were well matched, with mean 

absolute errors of 16.6, 14.85, and 0.46, respectively. The lower MAPE value provides 

confidence in integrating this test cell at a larger scale. Simulations for the scale-up 

setup demonstrate that the HFT-NF 150 membrane analyzed in this study can 

concentrate rutin to the desired level. It was also found that pressure and active 
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membrane area have a greater impact on the time required to concentrate rutin. In 

contrast, the feed flow rate had a negligible effect on the concentration time.
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Figure 5.1 Betanin
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Operating conditions Values

Pressure 0.2 0.6 MPa

Feed concentration 0.1 0.5 g/L

Feed flow rate 200 600 mL/min

Operating temperature 22 ± 1°C

Operating time 5 minutes
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Pressure (MPa) Jw exp ( 10-5 m/s) Jw the ( 10-5 m/s) Error in Jw (%)

0.2 1.13 1.10 2.25

0.3 1.70 1.65 2.26

0.4 2.26 2.21 2.81

0.5 2.83 2.76 2.25

0.6 3.33 3.31 0.38

Predicted hydraulic permeability, Lp = 5.52 10-8 kg/m2sPa.

Figure 5.2 Pure water ( Jw) versus P at a constant flow rate of 500 mL/min
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Method Optimization technique

mAPE MAPE

Jp R % Jp R %

M1 Bm, , a, and b optimization using 

calculated Lp

29.49 2.68 11.06 1.05

M2 Lp, Bm, , a, and b optimization 26.40 2.68 7.03 1.02
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Parameters Range

Pressure, MPa 0.2 0.6

Feed concentration, kg/m3 0.1- 0.5

Feed flow rate, m3/s 3.3 10-6 - 10 10-6

Hydraulic permeability, kg/m2sPa 5.5 10-9 - 5.5 10-7

Solute permeability, m/s 4.03 10-6 4.03 10-8

Reflection coefficient 0.8 - 1
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Parameter S ST ST-S

Pressure 1.940 10-1 2.560 10-1 6.20 10-2

Feed concentration 2.620 10-6 3.150 10-6 5.30 10-7

Feed flow rate 2.260 10-9 1.740 10-8 1.51 10-8

Hydraulic permeability 7.430 10-1 8.050 10-1 6.20 10-2

Solute permeability 3.530 10-8 7.150 10-8 3.62 10-8

Reflection coefficient 4.960 10-7 9.870 10-7 4.91 10-7
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Parameter S ST ST-S

Pressure 1.949 10-1 2.566 10-1 6.17 10-2

Feed concentration 3.207 10-6 4.256 10-6 1.05 10-6

Feed flow rate 6.573 10-9 2.320 10-8 1.66 10-8

Hydraulic permeability 7.430 10-1 8.047 10-1 6.17 10-2

Solute permeability 5.732 10-8 1.101 10-7 5.29 10-8

Reflection coefficient 7.992 10-7 3.430 10-6 2.63 10-6
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Simulations for the scale-up setup demonstrate that the HFT-NF 150 membrane 

analyzed in this study can concentrate betanin to the desired level. It was also found 

that pressure and active membrane area have a greater impact on the time required to 

concentrate rutin. In contrast, the feed flow rate had a negligible effect on the 

concentration time.
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Figure 6.1 Block diagram of self-assembled hybrid system (UF+NF)
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Pressure (bar) Jw exp ( 10-6 m/s) Jw the ( 10-6 m/s) % Error in Qw

1.0 5.66 5.57 1.59

2.0 12.03 11.14 7.40

3.0 16.99 16.71 1.65

4.0 22.65 22.28 1.63

5.0 28.31 27.85 1.62

6.0 33.26 33.42 -0.48
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Press.

(bar)

Flowrate

(mL/min)

Cake layer
Complete 

blocking

Intermediate 

blocking

Standard 

blocking

R2 R2 R2 R2

6 500 0.095 0.744 0.030 0.885 0.038 0.818 0.017 0.853

6 200 0.134 0.696 0.038 0.872 0.051 0.786 0.022 0.831

5 600 0.064 0.795 0.022 0.898 0.027 0.850 0.012 0.875

5 500 0.075 0.779 0.025 0.894 0.031 0.840 0.014 0.869

5 400 0.087 0.758 0.028 0.889 0.035 0.827 0.016 0.854

4 400 0.070 0.785 0.024 0.895 0.029 0.844 0.013 0.871

3 600 0.034 0.849 0.013 0.910 0.015 0.881 0.077 0.896

3 300 0.064 0.792 0.022 0.897 0.027 0.847 0.012 0.873

2 600 0.023 0.869 0.096 0.912 0.010 0.892 0.005 0.902

2 200 0.056 0.812 0.020 0.903 0.024 0.861 0.011 0.883
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Membrane Original Fouled 

Count 2850 4263

Total Area 3180.03 13722.22

Average Size 1.116 3.219

% Area 3.325 12.201

Perimeter 2.816 5.415

Circularity 0.917 0.864

Solidity 0.925 0.888

Integrated intensity 273.57 770.705

Kurtosis 21.54 19.787

122



123



124



125



126



127



128



129



130



131

P 

105

(Pa)

Qf

(L/h)

Cf

(mg/L)

Qp exp

(L/h)

Qp the

(L/h)

Error 

in Qp

(%)

Cp exp

(mg/L)

CP the

(mg/L)

Error 

in Cp 

(%)

2.0 12.0 20.0 0.28 0.31 -11.91 0.60 0.62 -2.74

2.0 18.0 20.0 0.30 0.31 -4.40 0.60 0.62 -2.73

2.0 24.0 20.0 0.31 0.31 -1.12 0.60 0.62 -2.73

2.0 30.0 20.0 0.32 0.31 2.07 0.50 0.62 -23.27

2.0 36.0 20.0 0.36 0.31 12.68 0.40 0.62 -54.08

2.0 12.0 40.0 0.26 0.31 -20.39 1.50 1.23 17.79

2.0 18.0 40.0 0.28 0.31 -11.87 1.40 1.23 11.93

2.0 24.0 40.0 0.28 0.31 -11.87 1.10 1.23 -12.09

2.0 30.0 40.0 0.30 0.31 -4.36 1.00 1.23 -23.29

2.0 36.0 40.0 0.34 0.31 8.10 0.90 1.23 -36.99

2.0 12.0 60.0 0.25 0.31 -25.19 2.50 1.85 26.00

2.0 18.0 60.0 0.26 0.31 -20.34 2.40 1.85 22.92

2.0 24.0 60.0 0.27 0.31 -16.01 1.60 1.85 -15.62

2.0 30.0 60.0 0.28 0.31 -11.83 1.50 1.85 -23.32

2.0 36.0 60.0 0.32 0.31 2.14 1.40 1.85 -32.12

2.0 12.0 80.0 0.25 0.31 -25.14 4.20 2.47 41.26

2.0 18.0 80.0 0.26 0.31 -20.29 3.80 2.47 35.08

2.0 24.0 80.0 0.26 0.31 -20.29 3.60 2.47 31.47

2.0 30.0 80.0 0.27 0.31 -15.96 3.30 2.47 25.25

2.0 36.0 80.0 0.31 0.31 -1.00 3.30 2.47 25.25
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2.0 12.0 100.0 0.23 0.31 -36.06 4.80 3.08 35.74

2.0 18.0 100.0 0.25 0.31 -25.09 4.80 3.08 35.74

2.0 24.0 100.0 0.27 0.31 -15.92 4.50 3.08 31.46

2.0 30.0 100.0 0.29 0.31 -8.67 4.20 3.08 26.56

2.0 36.0 100.0 0.29 0.31 -7.86 4.20 3.08 26.57

3.0 12.0 20.0 0.41 0.47 -14.86 0.60 0.51 15.49

3.0 18.0 20.0 0.41 0.47 -14.86 0.50 0.51 -1.40

3.0 24.0 20.0 0.43 0.47 -9.10 0.50 0.51 -1.40

3.0 30.0 20.0 0.44 0.47 -6.43 0.40 0.51 -26.74

3.0 36.0 20.0 0.47 0.47 0.08 0.40 0.51 -26.74

3.0 12.0 40.0 0.39 0.47 -20.12 1.30 1.01 21.98

3.0 18.0 40.0 0.41 0.47 -14.83 1.30 1.01 21.99

3.0 24.0 40.0 0.43 0.47 -9.08 1.20 1.01 15.49

3.0 30.0 40.0 0.43 0.47 -9.08 1.00 1.01 -1.40

3.0 36.0 40.0 0.46 0.47 -2.24 0.90 1.01 -12.67

3.0 12.0 60.0 0.37 0.47 -27.10 2.10 1.52 27.55

3.0 18.0 60.0 0.39 0.47 -20.09 2.00 1.52 23.93

3.0 24.0 60.0 0.43 0.47 -9.05 1.60 1.52 4.92

3.0 30.0 60.0 0.45 0.47 -4.67 1.50 1.52 -1.41

3.0 36.0 60.0 0.45 0.47 -4.67 1.40 1.52 -8.65

3.0 12.0 80.0 0.37 0.47 -27.07 3.40 2.03 40.33

3.0 18.0 80.0 0.37 0.47 -27.07 3.00 2.03 32.38

3.0 24.0 80.0 0.35 0.47 -33.58 2.50 2.03 18.86

3.0 30.0 80.0 0.37 0.47 -27.07 2.00 2.03 -1.42

3.0 36.0 80.0 0.41 0.47 -14.77 2.00 2.03 -1.42

132



133

3.0 12.0 100.0 0.37 0.47 -27.04 4.00 2.54 36.59

3.0 18.0 100.0 0.38 0.47 -23.43 3.60 2.54 29.55

3.0 24.0 100.0 0.39 0.47 -20.02 3.60 2.54 29.56

3.0 30.0 100.0 0.39 0.47 -20.02 3.20 2.54 20.75

3.0 36.0 100.0 0.41 0.47 -14.74 2.80 2.54 9.44

4.0 12.0 20.0 0.55 0.63 -14.03 0.50 0.46 8.26

4.0 18.0 20.0 0.57 0.63 -9.72 0.50 0.46 8.27

4.0 24.0 20.0 0.59 0.63 -6.37 0.50 0.46 8.28

4.0 30.0 20.0 0.61 0.63 -2.61 0.40 0.46 -14.64

4.0 36.0 20.0 0.62 0.63 -0.82 0.40 0.46 -14.64

4.0 12.0 40.0 0.55 0.63 -14.01 1.00 0.92 8.26

4.0 18.0 40.0 0.56 0.63 -11.81 1.00 0.92 8.27

4.0 24.0 40.0 0.57 0.63 -9.70 0.90 0.92 -1.92

4.0 30.0 40.0 0.59 0.63 -6.35 0.90 0.92 -1.91

4.0 36.0 40.0 0.62 0.63 -1.39 0.80 0.92 -14.64

4.0 12.0 60.0 0.53 0.63 -17.85 1.60 1.38 13.99

4.0 18.0 60.0 0.55 0.63 -13.99 1.50 1.38 8.26

4.0 24.0 60.0 0.57 0.63 -9.68 1.40 1.38 1.72

4.0 30.0 60.0 0.59 0.63 -6.33 1.40 1.38 1.73

4.0 36.0 60.0 0.62 0.63 -1.37 1.40 1.38 1.73

4.0 12.0 80.0 0.52 0.63 -20.27 2.20 1.84 16.59

4.0 18.0 80.0 0.53 0.63 -17.83 2.10 1.83 12.63

4.0 24.0 80.0 0.55 0.63 -13.97 2.10 1.83 12.63

4.0 30.0 80.0 0.55 0.63 -13.97 1.80 1.83 -1.92

4.0 36.0 80.0 0.57 0.63 -9.66 1.80 1.83 -1.92
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4.0 12.0 100.0 0.53 0.63 -17.80 2.80 2.29 18.07

4.0 18.0 100.0 0.55 0.63 -13.94 2.60 2.29 11.78

4.0 24.0 100.0 0.55 0.63 -13.94 2.80 2.29 18.09

4.0 30.0 100.0 0.57 0.63 -9.64 2.40 2.29 4.44

4.0 36.0 100.0 0.57 0.63 -9.64 2.30 2.29 0.29

5.0 12.0 20.0 0.63 0.78 -24.59 0.40 0.43 -8.53

5.0 18.0 20.0 0.67 0.78 -17.21 0.40 0.43 -8.52

5.0 24.0 20.0 0.69 0.78 -13.54 0.40 0.43 -8.51

5.0 30.0 20.0 0.71 0.78 -10.09 0.40 0.43 -8.50

5.0 36.0 20.0 0.71 0.78 -10.09 0.30 0.43 -44.65

5.0 12.0 40.0 0.61 0.78 -28.24 1.10 0.87 21.07

5.0 18.0 40.0 0.63 0.78 -24.57 1.00 0.87 13.18

5.0 24.0 40.0 0.63 0.78 -24.57 1.00 0.87 13.19

5.0 30.0 40.0 0.65 0.78 -20.43 0.90 0.87 3.55

5.0 36.0 40.0 0.65 0.78 -20.43 0.90 0.87 3.56

5.0 12.0 60.0 0.61 0.78 -28.22 1.50 1.30 13.17

5.0 18.0 60.0 0.63 0.78 -24.55 1.40 1.30 6.98

5.0 24.0 60.0 0.63 0.78 -24.55 1.30 1.30 -0.17

5.0 30.0 60.0 0.64 0.78 -22.45 1.20 1.30 -8.50

5.0 36.0 60.0 0.64 0.78 -22.45 1.40 1.30 7.00

5.0 12.0 80.0 0.61 0.78 -28.20 2.20 1.74 21.06

5.0 18.0 80.0 0.61 0.78 -28.20 2.00 1.74 13.18

5.0 24.0 80.0 0.63 0.78 -24.53 1.80 1.74 3.54

5.0 30.0 80.0 0.64 0.78 -22.43 1.80 1.74 3.55

5.0 36.0 80.0 0.64 0.78 -22.43 1.70 1.74 -2.12
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5.0 12.0 100.0 0.59 0.78 -32.88 3.00 2.17 27.64

5.0 18.0 100.0 0.62 0.78 -26.69 2.50 2.17 13.18

5.0 24.0 100.0 0.61 0.78 -28.18 2.00 2.17 -8.52

5.0 30.0 100.0 0.61 0.78 -28.18 2.40 2.17 9.57

5.0 36.0 100.0 0.63 0.78 -24.51 2.30 2.17 5.65

6.0 12.0 20.0 0.84 0.94 -11.76 0.40 0.42 -5.21

6.0 18.0 20.0 0.84 0.94 -11.76 0.40 0.42 -5.19

6.0 24.0 20.0 0.84 0.94 -11.76 0.40 0.42 -5.18

6.0 30.0 20.0 0.86 0.94 -9.42 0.30 0.42 -40.23

6.0 36.0 20.0 0.86 0.94 -9.42 0.30 0.42 -40.22

6.0 12.0 40.0 0.82 0.94 -14.69 1.00 0.84 15.83

6.0 18.0 40.0 0.82 0.94 -14.69 1.10 0.84 23.50

6.0 24.0 40.0 0.84 0.94 -11.75 0.80 0.84 -5.18

6.0 30.0 40.0 0.86 0.94 -9.40 0.70 0.84 -20.20

6.0 36.0 40.0 0.86 0.94 -9.40 1.00 0.84 15.87

6.0 12.0 60.0 0.76 0.94 -23.93 1.80 1.26 29.86

6.0 18.0 60.0 0.80 0.94 -17.78 1.60 1.26 21.10

6.0 24.0 60.0 0.80 0.94 -17.25 1.20 1.26 -5.18

6.0 30.0 60.0 0.82 0.94 -14.68 1.20 1.26 -5.17

6.0 36.0 60.0 0.83 0.94 -13.18 1.20 1.26 -5.17

6.0 12.0 80.0 0.74 0.94 -26.93 2.00 1.68 15.83

6.0 18.0 80.0 0.75 0.94 -25.10 2.00 1.68 15.84

6.0 24.0 80.0 0.76 0.94 -23.91 1.60 1.68 -5.18

6.0 30.0 80.0 0.80 0.94 -17.76 1.60 1.68 -5.17

6.0 36.0 80.0 0.74 0.94 -26.93 1.60 1.68 -5.17
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6.0 12.0 100.0 0.72 0.94 -30.72 2.20 2.10 4.35

6.0 18.0 100.0 0.72 0.94 -30.72 2.10 2.10 -0.19

6.0 24.0 100.0 0.69 0.94 -35.19 2.10 2.10 -0.18

6.0 30.0 100.0 0.70 0.94 -34.84 2.50 2.10 15.86

6.0 36.0 100.0 0.70 0.94 -34.84 2.10 2.10 -0.16

P

(MPa)

Qf

( 10-6

m3/s)

Cf

(kg/m3)

Jv exp

( 10-5

m/s)

Jv the

( 10-5

m/s)

Error 

in Jv

(%)

R%

exp

R%

the

Error 

in

R (%)

0.2 3.3 0.1 1.10 1.11 -0.99 0.94 0.94 -0.06

0.2 5.0 0.1 1.17 1.11 5.17 0.94 0.94 -0.06

0.2 6.6 0.1 1.20 1.11 7.89 0.95 0.94 0.99

0.2 8.3 0.1 1.24 1.11 10.54 0.95 0.94 0.99

0.2 10.0 0.1 1.37 1.11 19.49 0.96 0.94 2.02

0.2 3.3 0.2 1.03 1.11 -7.84 0.94 0.94 -0.06

0.2 5.0 0.2 1.10 1.11 -0.95 0.95 0.94 0.47

0.2 6.6 0.2 1.10 1.11 -0.95 0.95 0.94 0.99

0.2 8.3 0.2 1.17 1.11 5.21 0.96 0.94 1.51

0.2 10.0 0.2 1.31 1.11 15.61 0.96 0.94 1.51

0.2 3.3 0.3 0.99 1.11 -11.68 0.93 0.94 -0.77

0.2 5.0 0.3 1.03 1.11 -7.80 0.94 0.94 -0.06

0.2 6.6 0.3 1.06 1.11 -4.30 0.95 0.94 0.99
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0.2 8.3 0.3 1.10 1.11 -0.91 0.95 0.94 0.99

0.2 10.0 0.3 1.24 1.11 10.61 0.95 0.94 1.34

0.2 3.3 0.4 0.99 1.11 -11.63 0.92 0.94 -2.23

0.2 5.0 0.4 1.03 1.11 -7.75 0.94 0.94 -0.06

0.2 6.6 0.4 1.03 1.11 -7.75 0.94 0.94 -0.59

0.2 8.3 0.4 1.06 1.11 -4.26 0.94 0.94 -0.59

0.2 10.0 0.4 1.20 1.11 8.00 0.94 0.94 -0.06

0.2 3.3 0.5 0.92 1.11 -20.24 0.92 0.94 -2.68

0.2 5.0 0.5 0.99 1.11 -11.59 0.94 0.94 -0.05

0.2 6.6 0.5 1.06 1.11 -4.22 0.93 0.94 -0.91

0.2 8.3 0.5 1.12 1.11 1.68 0.93 0.94 -1.13

0.2 10.0 0.5 1.13 1.11 2.35 0.94 0.94 -0.05

0.3 3.3 0.1 1.55 1.66 -6.93 0.95 0.95 -0.35

0.3 5.0 0.1 1.55 1.66 -6.93 0.96 0.95 0.70

0.3 6.6 0.1 1.63 1.66 -1.91 0.96 0.95 0.70

0.3 8.3 0.1 1.67 1.66 0.42 0.95 0.95 -0.35

0.3 10.0 0.1 1.77 1.66 6.15 0.96 0.95 0.70

0.3 3.3 0.2 1.49 1.66 -11.47 0.94 0.95 -1.42

0.3 5.0 0.2 1.55 1.66 -6.90 0.94 0.95 -1.96

0.3 6.6 0.2 1.63 1.66 -1.89 0.95 0.95 -0.35

0.3 8.3 0.2 1.63 1.66 -1.89 0.96 0.95 0.70

0.3 10.0 0.2 1.73 1.66 4.11 0.97 0.95 1.21

0.3 3.3 0.3 1.41 1.66 -17.46 0.93 0.95 -2.14

0.3 5.0 0.3 1.49 1.66 -11.43 0.94 0.95 -1.41

0.3 6.6 0.3 1.63 1.66 -1.86 0.95 0.95 -0.35
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0.3 8.3 0.3 1.69 1.66 1.97 0.96 0.95 0.70

0.3 10.0 0.3 1.69 1.66 1.97 0.96 0.95 0.70

0.3 3.3 0.4 1.41 1.66 -17.43 0.93 0.95 -2.50

0.3 5.0 0.4 1.41 1.66 -17.43 0.94 0.95 -1.96

0.3 6.6 0.4 1.35 1.66 -22.97 0.94 0.95 -1.41

0.3 8.3 0.4 1.41 1.66 -17.43 0.94 0.95 -1.41

0.3 10.0 0.4 1.55 1.66 -6.84 0.95 0.95 -0.88

0.3 3.3 0.5 1.41 1.66 -17.39 0.93 0.95 -2.28

0.3 5.0 0.5 1.45 1.66 -14.30 0.94 0.95 -1.41

0.3 6.6 0.5 1.49 1.66 -11.37 0.93 0.95 -2.50

0.3 8.3 0.5 1.49 1.66 -11.37 0.94 0.95 -1.41

0.3 10.0 0.5 1.55 1.66 -6.81 0.94 0.95 -1.41

0.4 3.3 0.1 2.05 2.21 -8.04 0.95 0.96 -0.99

0.4 5.0 0.1 2.13 2.21 -4.16 0.95 0.96 -0.99

0.4 6.6 0.1 2.19 2.21 -1.13 0.96 0.96 0.06

0.4 8.3 0.1 2.27 2.21 2.28 0.96 0.96 0.06

0.4 10.0 0.1 2.30 2.21 3.90 0.97 0.96 1.09

0.4 3.3 0.2 2.05 2.21 -8.02 0.95 0.96 -1.53

0.4 5.0 0.2 2.09 2.21 -6.04 0.94 0.96 -2.07

0.4 6.6 0.2 2.13 2.21 -4.14 0.95 0.96 -0.99

0.4 8.3 0.2 2.19 2.21 -1.11 0.94 0.96 -2.07

0.4 10.0 0.2 2.29 2.21 3.38 0.96 0.96 0.06

0.4 10.0 0.3 1.99 2.21 -11.46 0.94 0.96 -2.07

0.4 5.0 0.3 2.05 2.21 -8.00 0.95 0.96 -1.35

0.4 6.6 0.3 2.13 2.21 -4.12 0.95 0.96 -0.99
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0.4 8.3 0.3 2.19 2.21 -1.09 0.96 0.96 0.06

0.4 10 0.3 2.29 2.21 3.40 0.97 0.96 1.09

0.4 3.3 0.4 1.95 2.21 -13.62 0.94 0.96 -2.61

0.4 5.0 0.4 1.99 2.21 -11.43 0.94 0.96 -2.61

0.4 6.6 0.4 2.05 2.21 -7.97 0.94 0.96 -2.07

0.4 8.3 0.4 2.05 2.21 -7.97 0.95 0.96 -1.53

0.4 10.0 0.4 2.13 2.21 -4.09 0.96 0.96 0.06

0.4 3.3 0.5 1.99 2.21 -11.41 0.94 0.96 -2.06

0.4 5.0 0.5 2.05 2.21 -7.95 0.94 0.96 -2.06

0.4 6.6 0.5 2.05 2.21 -7.95 0.94 0.96 -2.06

0.4 8.3 0.5 2.13 2.21 -4.07 0.94 0.96 -1.63

0.4 10.0 0.5 2.13 2.21 -4.07 0.95 0.96 -0.99

0.5 3.3 0.1 2.33 2.77 -18.82 0.96 0.96 -0.30

0.5 5.0 0.1 2.47 2.77 -12.08 0.96 0.96 -0.30

0.5 6.6 0.1 2.55 2.77 -8.72 0.97 0.96 0.74

0.5 8.3 0.1 2.62 2.77 -5.55 0.97 0.96 0.74

0.5 10.0 0.1 2.62 2.77 -5.55 0.97 0.96 0.74

0.5 3.3 0.2 2.27 2.77 -22.14 0.95 0.96 -1.35

0.5 5.0 0.2 2.33 2.77 -18.80 0.96 0.96 -0.30

0.5 6.6 0.2 2.33 2.77 -18.80 0.97 0.96 0.22

0.5 8.3 0.2 2.41 2.77 -15.03 0.97 0.96 0.22

0.5 10.0 0.2 2.41 2.77 -15.03 0.97 0.96 0.74

0.5 3.3 0.3 2.27 2.77 -22.12 0.96 0.96 -0.30

0.5 5.0 0.3 2.33 2.77 -18.78 0.95 0.96 -1.35

0.5 6.6 0.3 2.33 2.77 -18.78 0.95 0.96 -1.35

139



140

0.5 8.3 0.3 2.37 2.77 -16.86 0.96 0.96 -0.30

0.5 10.0 0.3 2.37 2.77 -16.86 0.97 0.96 0.74

0.5 3.3 0.4 2.27 2.77 -22.10 0.94 0.96 -2.16

0.5 5.0 0.4 2.27 2.77 -22.10 0.95 0.96 -1.89

0.5 6.6 0.4 2.33 2.77 -18.76 0.94 0.96 -2.43

0.5 8.3 0.4 2.37 2.77 -16.85 0.95 0.96 -1.35

0.5 10.0 0.4 2.37 2.77 -16.85 0.96 0.96 -0.30

0.5 3.3 0.5 2.19 2.77 -26.33 0.94 0.96 -1.99

0.5 5.0 0.5 2.29 2.77 -20.72 0.95 0.96 -1.35

0.5 6.6 0.5 2.27 2.77 -22.08 0.96 0.96 -0.29

0.5 8.3 0.5 2.27 2.77 -22.08 0.94 0.96 -2.43

0.5 10.0 0.5 2.33 2.77 -18.74 0.96 0.96 -0.29

0.6 3.3 0.1 3.08 3.32 -7.83 0.97 0.96 0.52

0.6 5.0 0.1 3.08 3.32 -7.83 0.97 0.96 0.52

0.6 6.6 0.1 3.08 3.32 -7.83 0.97 0.96 0.52

0.6 8.3 0.1 3.14 3.32 -5.64 0.98 0.96 1.54

0.6 10.0 0.1 3.14 3.32 -5.64 0.99 0.96 2.53

0.6 3.3 0.2 3.00 3.32 -10.55 0.96 0.96 -1.04

0.6 5.0 0.2 3.00 3.32 -10.55 0.97 0.96 0.52

0.6 6.6 0.2 3.08 3.32 -7.81 0.97 0.96 0.01

0.6 8.3 0.2 3.14 3.32 -5.63 0.97 0.96 0.52

0.6 10.0 0.2 3.14 3.32 -5.63 0.97 0.96 0.52

0.6 3.3 0.3 2.79 3.32 -19.12 0.96 0.96 -0.51

0.6 5.0 0.3 2.93 3.32 -13.42 0.96 0.96 -0.86

0.6 6.6 0.3 2.94 3.32 -12.93 0.97 0.96 0.18
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0.6 8.3 0.3 3.00 3.32 -10.54 0.96 0.96 -0.51

0.6 10.0 0.3 3.04 3.32 -9.15 0.97 0.96 0.52

0.6 3.3 0.4 2.72 3.32 -21.88 0.95 0.96 -1.30

0.6 5.0 0.4 2.76 3.32 -20.20 0.95 0.96 -1.57

0.6 6.6 0.4 2.79 3.32 -19.10 0.95 0.96 -1.57

0.6 8.3 0.4 2.93 3.32 -13.40 0.96 0.96 -0.51

0.6 10.0 0.4 2.72 3.32 -21.88 0.96 0.96 -0.51

0.6 3.3 0.5 2.65 3.32 -25.38 0.94 0.96 -2.21

0.6 5.0 0.5 2.65 3.32 -25.38 0.94 0.96 -2.21

0.6 6.6 0.5 2.56 3.32 -29.49 0.96 0.96 -0.51

0.6 8.3 0.5 2.57 3.32 -29.17 0.96 0.96 -0.51

0.6 10.0 0.5 2.57 3.32 -29.17 0.96 0.96 -0.51

P

(MPa)

Qf

( 10-6

m3/s)

Cf

(kg/m3)

Jv exp

( 10-5

m/s)

Jv the

( 10-5

m/s)

Error 

in Jv

(%)

R%

exp

R%

the

Error 

in

R (%)

0.2 3.3 0.1 1.10 1.01 7.68 0.94 0.94 -0.01

0.2 5.0 0.1 1.17 1.01 13.32 0.94 0.94 -0.01

0.2 6.6 0.1 1.20 1.01 15.80 0.95 0.94 1.04

0.2 8.3 0.1 1.24 1.01 18.22 0.95 0.94 1.04

0.2 10.0 0.1 1.37 1.01 26.40 0.96 0.94 2.07

0.2 3.3 0.2 1.03 1.01 1.42 0.94 0.94 -0.01

0.2 5.0 0.2 1.10 1.01 7.72 0.95 0.94 0.52
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0.2 6.6 0.2 1.10 1.01 7.72 0.95 0.94 1.04

0.2 8.3 0.2 1.17 1.01 13.35 0.96 0.94 1.56

0.2 10.0 0.2 1.31 1.01 22.86 0.96 0.94 1.56

0.2 3.3 0.3 0.99 1.01 -2.09 0.93 0.94 -0.72

0.2 5.0 0.3 1.03 1.01 1.46 0.94 0.94 -0.01

0.2 6.6 0.3 1.06 1.01 4.65 0.95 0.94 1.04

0.2 8.3 0.3 1.10 1.01 7.75 0.95 0.94 1.04

0.2 10.0 0.3 1.24 1.01 18.29 0.95 0.94 1.39

0.2 3.3 0.4 0.99 1.01 -2.05 0.92 0.94 -2.18

0.2 5.0 0.4 1.03 1.01 1.50 0.94 0.94 -0.01

0.2 6.6 0.4 1.03 1.01 1.50 0.94 0.94 -0.54

0.2 8.3 0.4 1.06 1.01 4.69 0.94 0.94 -0.54

0.2 10.0 0.4 1.20 1.01 15.90 0.94 0.94 -0.01

0.2 3.3 0.5 0.92 1.01 -9.92 0.92 0.94 -2.63

0.2 5.0 0.5 0.99 1.01 -2.00 0.94 0.94 -0.01

0.2 6.6 0.5 1.06 1.01 4.73 0.93 0.94 -0.87

0.2 8.3 0.5 1.12 1.01 10.13 0.93 0.94 -1.08

0.2 10.0 0.5 1.13 1.01 10.73 0.94 0.94 -0.01

0.3 3.3 0.1 1.55 1.52 2.25 0.95 0.95 -0.26

0.3 5.0 0.1 1.55 1.52 2.25 0.96 0.95 0.78

0.3 6.6 0.1 1.63 1.52 6.84 0.96 0.95 0.78

0.3 8.3 0.1 1.67 1.52 8.97 0.95 0.95 -0.26

0.3 10.0 0.1 1.77 1.52 14.21 0.96 0.95 0.78

0.3 3.3 0.2 1.49 1.52 -1.89 0.94 0.95 -1.33

0.3 5.0 0.2 1.55 1.52 2.28 0.94 0.95 -1.87
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0.3 6.6 0.2 1.63 1.52 6.86 0.95 0.95 -0.26

0.3 8.3 0.2 1.63 1.52 6.86 0.96 0.95 0.79

0.3 10.0 0.2 1.73 1.52 12.34 0.97 0.95 1.30

0.3 3.3 0.3 1.41 1.52 -7.37 0.93 0.95 -2.05

0.3 5.0 0.3 1.49 1.52 -1.87 0.94 0.95 -1.33

0.3 6.6 0.3 1.63 1.52 6.89 0.95 0.95 -0.26

0.3 8.3 0.3 1.69 1.52 10.39 0.96 0.95 0.79

0.3 10.0 0.3 1.69 1.52 10.39 0.96 0.95 0.79

0.3 3.3 0.4 1.41 1.52 -7.34 0.93 0.95 -2.41

0.3 5.0 0.4 1.41 1.52 -7.34 0.94 0.95 -1.87

0.3 6.6 0.4 1.35 1.52 -12.41 0.94 0.95 -1.32

0.3 8.3 0.4 1.41 1.52 -7.34 0.94 0.95 -1.32

0.3 10.0 0.4 1.55 1.52 2.34 0.95 0.95 -0.79

0.3 3.3 0.5 1.41 1.52 -7.31 0.93 0.95 -2.19

0.3 5.0 0.5 1.45 1.52 -4.49 0.94 0.95 -1.32

0.3 6.6 0.5 1.49 1.52 -1.81 0.93 0.95 -2.41

0.3 8.3 0.5 1.49 1.52 -1.81 0.94 0.95 -1.32

0.3 10.0 0.5 1.55 1.52 2.36 0.94 0.95 -1.32

0.4 3.3 0.1 2.05 2.02 1.24 0.95 0.96 -0.88

0.4 5.0 0.1 2.13 2.02 4.78 0.95 0.96 -0.88

0.4 6.6 0.1 2.19 2.02 7.55 0.96 0.96 0.17

0.4 8.3 0.1 2.27 2.02 10.67 0.96 0.96 0.17

0.4 10.0 0.1 2.30 2.02 12.15 0.97 0.96 1.20

0.4 3.3 0.2 2.05 2.02 1.26 0.95 0.96 -1.41

0.4 5.0 0.2 2.09 2.02 3.06 0.94 0.96 -1.95

143



144

0.4 6.6 0.2 2.13 2.02 4.80 0.95 0.96 -0.88

0.4 8.3 0.2 2.19 2.02 7.57 0.94 0.96 -1.95

0.4 10.0 0.2 2.29 2.02 11.68 0.96 0.96 0.18

0.4 10.0 0.3 1.99 2.02 -1.89 0.94 0.96 -1.95

0.4 5.0 0.3 2.05 2.02 1.28 0.95 0.96 -1.23

0.4 6.6 0.3 2.13 2.02 4.82 0.95 0.96 -0.88

0.4 8.3 0.3 2.19 2.02 7.59 0.96 0.96 0.18

0.4 10 0.3 2.29 2.02 11.70 0.97 0.96 1.20

0.4 3.3 0.4 1.95 2.02 -3.86 0.94 0.96 -2.49

0.4 5.0 0.4 1.99 2.02 -1.87 0.94 0.96 -2.49

0.4 6.6 0.4 2.05 2.02 1.30 0.94 0.96 -1.95

0.4 8.3 0.4 2.05 2.02 1.30 0.95 0.96 -1.41

0.4 10.0 0.4 2.13 2.02 4.84 0.96 0.96 0.18

0.4 3.3 0.5 1.99 2.02 -1.84 0.94 0.96 -1.95

0.4 5.0 0.5 2.05 2.02 1.32 0.94 0.96 -1.95

0.4 6.6 0.5 2.05 2.02 1.32 0.94 0.96 -1.95

0.4 8.3 0.5 2.13 2.02 4.86 0.94 0.96 -1.52

0.4 10.0 0.5 2.13 2.02 4.86 0.95 0.96 -0.87

0.5 3.3 0.1 2.33 2.53 -8.62 0.96 0.96 -0.16

0.5 5.0 0.1 2.47 2.53 -2.46 0.96 0.96 -0.16

0.5 6.6 0.1 2.55 2.53 0.61 0.97 0.96 0.87

0.5 8.3 0.1 2.62 2.53 3.51 0.97 0.96 0.87

0.5 10.0 0.1 2.62 2.53 3.51 0.97 0.96 0.87

0.5 3.3 0.2 2.27 2.53 -11.65 0.95 0.96 -1.22

0.5 5.0 0.2 2.33 2.53 -8.60 0.96 0.96 -0.16
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0.5 6.6 0.2 2.33 2.53 -8.60 0.97 0.96 0.36

0.5 8.3 0.2 2.41 2.53 -5.15 0.97 0.96 0.36

0.5 10.0 0.2 2.41 2.53 -5.15 0.97 0.96 0.87

0.5 3.3 0.3 2.27 2.53 -11.63 0.96 0.96 -0.16

0.5 5.0 0.3 2.33 2.53 -8.58 0.95 0.96 -1.21

0.5 6.6 0.3 2.33 2.53 -8.58 0.95 0.96 -1.21

0.5 8.3 0.3 2.37 2.53 -6.83 0.96 0.96 -0.16

0.5 10.0 0.3 2.37 2.53 -6.83 0.97 0.96 0.87

0.5 3.3 0.4 2.27 2.53 -11.61 0.94 0.96 -2.02

0.5 5.0 0.4 2.27 2.53 -11.61 0.95 0.96 -1.75

0.5 6.6 0.4 2.33 2.53 -8.56 0.94 0.96 -2.29

0.5 8.3 0.4 2.37 2.53 -6.81 0.95 0.96 -1.21

0.5 10.0 0.4 2.37 2.53 -6.81 0.96 0.96 -0.16

0.5 3.3 0.5 2.19 2.53 -15.49 0.94 0.96 -1.86

0.5 5.0 0.5 2.29 2.53 -10.35 0.95 0.96 -1.21

0.5 6.6 0.5 2.27 2.53 -11.59 0.96 0.96 -0.16

0.5 8.3 0.5 2.27 2.53 -11.59 0.94 0.96 -2.29

0.5 10.0 0.5 2.33 2.53 -8.54 0.96 0.96 -0.16

0.6 3.3 0.1 3.08 3.04 1.43 0.97 0.96 0.67

0.6 5.0 0.1 3.08 3.04 1.43 0.97 0.96 0.67

0.6 6.6 0.1 3.08 3.04 1.43 0.97 0.96 0.67

0.6 8.3 0.1 3.14 3.04 3.43 0.98 0.96 1.69

0.6 10.0 0.1 3.14 3.04 3.43 0.99 0.96 2.68

0.6 3.3 0.2 3.00 3.04 -1.06 0.96 0.96 -0.89

0.6 5.0 0.2 3.00 3.04 -1.06 0.97 0.96 0.67
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0.6 6.6 0.2 3.08 3.04 1.45 0.97 0.96 0.16

0.6 8.3 0.2 3.14 3.04 3.44 0.97 0.96 0.67

0.6 10.0 0.2 3.14 3.04 3.44 0.97 0.96 0.67

0.6 3.3 0.3 2.79 3.04 -8.89 0.96 0.96 -0.36

0.6 5.0 0.3 2.93 3.04 -3.68 0.96 0.96 -0.71

0.6 6.6 0.3 2.94 3.04 -3.23 0.97 0.96 0.33

0.6 8.3 0.3 3.00 3.04 -1.04 0.96 0.96 -0.36

0.6 10.0 0.3 3.04 3.04 0.22 0.97 0.96 0.67

0.6 3.3 0.4 2.72 3.04 -11.42 0.95 0.96 -1.15

0.6 5.0 0.4 2.76 3.04 -9.88 0.95 0.96 -1.42

0.6 6.6 0.4 2.79 3.04 -8.87 0.95 0.96 -1.42

0.6 8.3 0.4 2.93 3.04 -3.67 0.96 0.96 -0.36

0.6 10.0 0.4 2.72 3.04 -11.42 0.96 0.96 -0.36

0.6 3.3 0.5 2.65 3.03 -14.61 0.94 0.96 -2.06

0.6 5.0 0.5 2.65 3.03 -14.61 0.94 0.96 -2.06

0.6 6.6 0.5 2.56 3.03 -18.37 0.96 0.96 -0.36

0.6 8.3 0.5 2.57 3.03 -18.08 0.96 0.96 -0.36

0.6 10.0 0.5 2.57 3.03 -18.08 0.96 0.96 -0.36

Press.

(bar)

Flowrate

(mL

/min)

Cake layer
Complete 

blocking

Intermediate 

blocking

Standard 

blocking

R2 R2 R2 R2

6 600 0.083 0.764 0.027 0.890 0.033 0.830 0.015 0.861
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6 500 0.095 0.744 0.030 0.885 0.038 0.818 0.017 0.853

6 400 0.108 0.728 0.032 0.881 0.042 0.807 0.018 0.846

6 300 0.120 0.712 0.035 0.877 0.046 0.798 0.020 0.839

6 200 0.134 0.696 0.038 0.872 0.051 0.786 0.022 0.831

5 600 0.064 0.795 0.022 0.898 0.027 0.850 0.012 0.875

5 500 0.075 0.779 0.025 0.894 0.031 0.840 0.014 0.869

5 400 0.087 0.758 0.028 0.889 0.035 0.827 0.016 0.859

5 300 0.098 0.741 0.030 0.884 0.039 0.816 0.017 0.852

5 200 0.111 0.724 0.033 0.880 0.043 0.805 0.019 0.844

4 600 0.049 0.822 0.018 0.904 0.021 0.866 0.010 0.886

4 500 0.058 0.805 0.020 0.900 0.024 0.856 0.011 0.879

4 400 0.070 0.785 0.024 0.895 0.029 0.844 0.013 0.871

4 300 0.083 0.765 0.027 0.890 0.033 0.831 0.015 0.862

4 200 0.096 0.743 0.030 0.885 0.038 0.817 0.017 0.852

3 600 0.034 0.849 0.013 0.910 0.015 0.881 0.007 0.896

3 500 0.041 0.834 0.016 0.905 0.018 0.872 0.008 0.889

3 400 0.051 0.815 0.019 0.902 0.022 0.861 0.010 0.883

3 300 0.064 0.792 0.022 0.897 0.027 0.847 0.012 0.873

3 200 0.077 0.766 0.025 0.890 0.032 0.831 0.014 0.861

2 600 0.023 0.869 0.010 0.912 0.010 0.892 0.005 0.902

2 500 0.028 0.860 0.011 0.911 0.012 0.887 0.006 0.899

2 400 0.035 0.849 0.014 0.910 0.016 0.882 0.007 0.896

2 300 0.046 0.831 0.017 0.906 0.020 0.871 0.010 0.890

2 200 0.056 0.812 0.020 0.903 0.024 0.861 0.011 0.883

6 600 0.083 0.764 0.027 0.890 0.033 0.830 0.015 0.861
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