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ABSTRACT

With the growing global population, there is an increasing need to develop sustainable
and green separation processes for high-value bioactive compounds. Naturally
occurring phenolic compounds such as betanin and rutin have gained considerable
importance in the food and pharmaceutical industries; however, existing separation
methods often rely on solvent-intensive, energy-demanding, or non-scalable
techniques that compromise product purity and biological activity. Although
membrane-based processes have been explored for polyphenol recovery, there remains
a lack of systematic, model-integrated, and scale-up-oriented studies that bridge
laboratory experimentation with industrial feasibility, particularly for real feed

streams.

In this context, the present thesis makes a distinct contribution by establishing
nanofiltration (NF) as a quantitatively optimised and industrially translatable platform
for the selective concentration of two structurally different phenolic compounds,
namely betanin and rutin. A self-assembled NF setup using HFT-NF 150 membranes
is employed to generate a comprehensive experimental dataset, wherein the individual
and interactive effects of pressure, feed concentration, and feed flow rate on permeate
flux and solute rejection are rigorously evaluated. Unlike prior studies that report only
empirical trends, this work integrates a three-parameter Spiegler-Kedem transport
model to extract membrane reflection coefficients, solute permeability, and hydraulic
permeability, thereby providing mechanistic insight into solute-membrane interactions

and enabling predictive validation of experimental performance.

A further aspect of this research is the application of variance-based global sensitivity
analysis to membrane separations, allowing the quantitative ranking of operating and
transport parameters by their influence on flux and rejection for phenolic solutes. This
approach moves beyond conventional one-factor-at-a-time analyses and establishes a
robust framework for rational process optimisation. Crucially, the thesis extends
beyond model solute systems to address the separation of betanin from its natural
matrix, beetroot juice, an area scarcely examined in existing literature. Comprehensive

fouling studies using multiple theoretical fouling models are performed to elucidate
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dominant fouling mechanisms, quantify flux decline behaviour, and assess long-term
operational stability under realistic feed conditions. These results provide actionable

design insights to mitigate fouling and extend membrane longevity.

Finally, scale-up simulations grounded in experimentally derived transport and
sensitivity parameters demonstrate the technical feasibility of translating laboratory
findings into an industrial-scale NF unit. Collectively, this thesis offers a unified
experimental-modelling-scaling framework for phenolic compound recovery,
delivering original contributions in mechanistic understanding, optimisation strategy,
real-feed validation, and process design that advance the state of the art in sustainable

membrane-based separations.
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INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Mother Earth, our generous provider, blesses us with the gifts of life through her
abundant resources that nourish and sustain all living things. Plants, one of Mother
Earth's gifts, perfectly illustrate her abundance and wisdom through three
interconnected biochemical systems: hormones vegetal, primary metabolites, and
secondary metabolites (Figure 1.1). Plants’ secondary metabolites are compounds that
not only provide defence to plants but are also very beneficial to human health due to

their physiological activities.

Hormone Vegetal
(Regulations)
= Auxins

= Nitric oxide

Primary Metabolites

(Development) Secondary Metabolites

. 4 E = 12
= Fatty acids | / - (Environmental Interactions)
4 L 4

= Amino acids = Phenolic compounds

)

Figure 1.1 Plant metabolites

Over the past few years, the recovery of bioactive compounds from natural sources
has attracted considerable attention across the pharmaceutical, nutraceutical, cosmetic,
and food industries. Among all these naturally occurring bioactive compounds,
polyphenols are the most searched [1]. Polyphenols are compounds with one or more

aromatic rings and single or multiple hydroxyl groups and exhibit significant
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biological activities, including antioxidant, anti-inflammatory, antimicrobial, and
anticancer properties. They are the most abundant secondary metabolites in plants, and
over 8,000 species are known [2]. Polyphenols' structural variation ranges from simple
structures such as phenolic acids to complex structures such as tannins (Figure 1.2).

These phenolic compounds in plants make them a vital ingredient in the human diet

(2], [3].

Phenolic
compounds
|
l Flavonoids \ Stilbenes I Tannins Lignans Phenolic Acids
I J
I |
) Hydro-benzoic Hydro-
Flavones Flavanones Flavanols Anthocynanis

acid cinnamic acid

Figure 1.2 Classes of polyphenols

Polyphenols are mainly found in fruits, vegetables, tea, and coffee, and contribute to
the organoleptic characteristics of plant food. Polyphenols impart color and flavor to
many fruits and vegetables and defend against ultraviolet (UV) radiation, pathogens,
and other predators. Not only this, but these compounds also help prevent various
human diseases, such as cardiovascular disease, osteoporosis, and diabetes.
Intrinsically, these health-protective activities of polyphenols are attributed to the
presence of the phenolic hydroxyl group that donates hydrogen atoms to the reactive
oxygen species and, hence, scavenges them by breaking the cycle of new radical
generation. With this effect, the phenolic compounds prevent the oxidation of lipids,
DNA, and proteins [4]-[6]. Therefore, there is a growing demand to separate and
concentrate polyphenols from natural sources to meet human and industrial

requirements. Also, there is notable interest in identifying tangible methods for
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extracting these compounds from their sources, which are limited by their instability

at higher temperatures and the long extraction times required.
1.2 Polyphenols from natural sources
1.2.1 Flavonoids

Flavonoids represent the primary class of phenolic compounds in the human diet.
These compounds have diphenylpropane as their essential skeleton, with two aromatic
rings connected by a 3-carbon bridge, and more than 4,000 flavonoids have been
identified to date [7]. These are the most varied polyphenols involved in color
formation in flowery plants and play an essential role in protecting plants against UV
damage and in resisting disease. Based on the pattern and degree of hydroxylation,
glycosylation, methoxylation, or prenylation, flavonoids are subcategorized into six
classes: flavones, flavanones, flavanols, flavonols, anthocyanins, and isoflavones.
Various flavonoids are tested in a range of dietary plants, including fruits and
vegetables, spices, and medicinal herbs. Some examples include quercetin, catechin,

and cyanidin glycoside [8]-[10].
1.2.2 Phenolic acids

Phenolic acids are plants' primary class of polyphenols [11]. They are found in either
free or bound forms and are usually present as esters or amides. These are
subcategorized into mainly two groups: hydroxybenzoic acids (gallic acid, p-
hydroxybenzoic acid, vanillic acid, syringic acid, and protocatechuic acid) and
hydroxycinnamic acids (ferulic acid, caffeic acid, chlorogenic acid, p-coumaric acid,
and sinapic acid) [12]. Gallic acid is broadly distributed in medicinal herbs and dietary
plants [13]-[17]. Fruits (blueberry, blackberry, strawberry, red raspberry, black currant,
and red currant) are generally rich in hydroxycinnamic acids (caffeic, ferulic, and p-

coumaric acids), which contribute to their antioxidant activity.
1.2.3 Tannins

Tannins are polyphenols with molecular weights ranging from 500 to 20,000 Da. They
are classified into hydrolyzable tannins (tannic acid) and condensed tannins
(proanthocyanidins). They can be degraded into sugars and phenolic acids through pH

change or hydrolysis (enzymatic or non-enzymatic). They are widely distributed in
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cereals, fruits, and vegetables and possess various activities, including antimicrobial,

antiparasitic, antiviral, and immunomodulatory [18].
1.2.4 Stilbenes

These polyphenols have two aromatic rings linked by an ethane bridge (a core
chemical structure is 1,2-diphenylethylene). They are distributed in higher plants and
found in monomeric and oligomeric forms. Grapes, berries, red wine, and peanut
products are rich in stilbenes. Recently, stilbenes have attracted the attention of
researchers due to their wide range of health-related benefits, including
anticarcinogenic, anti-inflammatory, and antidiabetic activities [19]. The primary
representative of stilbenes is resveratrol, which has anti-oxidant effects on the heart
and blood vessel systems [20]. Other examples of stilbenes include pterostilbene,

oxyresveratrol, and 3’-hydroxypterostilbene.
1.2.5 Lignans

These are biologically active natural polyphenols derived from the oxidative
dimerization of two phenyl-propane units. Their primary sources include linseed,
fruits, nuts, garlic, olive oil, wine, tea, beer, and coffee. In recent years, they have been
used in conventional and ethnic medicines due to their antioxidant, antitumor,

antiviral, and anti-inflammatory properties [21].
1.3 Conventional methods for the separation and purification of polyphenols

Natural sources of polyphenols contain various components, such as monosaccharides,
disaccharides, and other compounds. Therefore, efficient extraction and concentration
of phenolic compounds from step present considerable challenges due to their
chemical diversity, varying polarities, and susceptibility to degradation [22].
Traditional methods to purify polyphenols include adsorption [23]-[30], column
chromatography [31]-[36], and solvent extraction [37]-[40].

Adsorption-based methodologies use solid adsorbents, such as activated carbon, silica,
polyamide, and synthetic resins, to concentrate phenolic compounds from dilute
solutions. The process involves passing the solution through a column packed with the
adsorbent, allowing species to bind via weak chemical or polar interactions, followed

by elution of the adsorbed phenolics with appropriate solvents (typically ethanol or
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methanol). Column chromatography is used to purify phenolic compounds based on
their polarity and hydrophobicity. This method separates solute particles using
adsorbents, molecular sieves, or ion-exchange materials. The compounds move at
different rates through columns, allowing them to get separated in other columns.
Liquid-liquid extraction (LLE) has historically been employed as a primary technique
for isolating phenolics from their natural sources by partitioning them between two
immiscible phases. This method employs organic solvents, including ethyl acetate,
methanol, and acetone. Phenolic compounds preferentially migrate to the organic layer
due to their polarity, separating and evaporating to concentrate them. Similarly, solid-
liquid extraction techniques, including maceration and soxhlet extraction, have been
widely used to extract phenolics from solid plant materials. While these traditional
methodologies continue to serve as fundamental techniques, they still have certain
limitations, including extensive solvent use, dependence on phase change phenomena,

potential thermal degradation, extended processing times, and variable selectivity.

In recent years, membrane-based separation technologies have emerged as promising
alternatives to traditional processes. Understanding these classical approaches
provides crucial context for developing and evaluating emerging technologies for
concentrating phenolic compounds from natural sources. Considering all factors,
membrane-based separation technologies are growing across various industrial sectors
due to multiple benefits, such as an athermal process, no phase change or chemical or
solvent use, high efficiency, low energy requirements, and continuous operation,
which enables easy scalability. Additionally, these processes can be coupled in an
integrated system to separate large molecules (proteins, polypeptides) and small

molecules (salts, sugars) using different membrane types [41], [42].
1.4 Principles and general aspects of membrane processes

A membrane is a selective barrier that allows some species to pass through and
prevents others based on their sizes or molecular weights. These entities may be ions,
molecules, or tiny particles. The separation occurs through mechanisms such as
diffusion, sieving, or sorption. There are mainly four types of driving force for
transporting species across the membrane: pressure difference (micro-filtration (MF),

ultra-filtration (UF), nano-filtration (NF), and reverse osmosis (RO), pizodialysis),
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concentration gradient (dialysis, gas separation, pervaporation, diffusion dialysis),
electric potential gradient (electrodialysis, electro-osmosis), or temperature difference
(thermos-osmosis, membrane distillation) [43]. Two types of flow direction are
possible for the feed stream: stream direction is perpendicular to the membrane (dead-
end filtration), and stream direction is tangential or parallel to the surface of the
membrane (cross-flow filtration). In the dead-end filtration process, particulate matter
accumulates on the membrane surface, forming a barrier that reduces the filtration rate
and flux over time. In cross-flow filtration, the parallel flow of the feed stream creates
a sweeping action that minimizes the buildup of the accumulation layer. As shown in
Figure 2, these processes can separate a feed solution into two streams: permeate and
retentate. The permeate stream contains all components with molecular weights below
the membrane's nominal molecular weight cut-off (MWCO). MWCO is a membrane
characterization parameter that refers to the molecular mass of a solute that will
effectively diffuse across the membrane. The retentate stream contains particles and
dissolved compounds rejected by the membrane with some solvents [44], [45]. The
separation efficiency of these membrane processes depends on various factors like the
physicochemical composition of the feed solution (type, polarity, weight,
concentration); the operating parameters (feed flow rate, pressure, temperature); and
membrane characteristics (membrane material, module configuration, pore size) [46].
In addition to various factors, phenomena such as concentration polarization and
membrane fouling can also affect separation efficiency [47], [48]. The efficiency of
pressure-driven membrane processes is primarily evaluated by measuring the permeate

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

Jp = Alxt . (L1)

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

A is the active membrane area (m?).

R=(1 —Cc—i‘) x 100 ...(1.2)

Here, C; is the solute concentration in the permeate (mg/L), and Cr is the solute

concentration in the feed (mg/L). Rejection values are between 0% (for solutes having
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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.
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Figure 1.3 Membrane filtration process (cross-flow)

1.4.1 Membrane processes: An approach to concentrate or recover natural

bioactives and phenolic compounds

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
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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 Process; Recovered Findings Ref.
Source material; component
MWCO
Pomegranate FO; TFC Anthocyanin  4.2-fold concentration  [49]
juice of anthocyanins
Apple juice  NF; TFC; 200- TPC 83.7 % recovery [50]
300 Da
Beetroot FO; CTA TPC 10-fold concentration  [51]
juice of anthocyanins
Jambolan UF & NF; 140 —  Gallic acid; 1.1-fold and 5-fold [52]
fruit extract 4000 Da Catechin 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.
Carob pulp  FO; CTA TPC 2.24-fold [53]
juice concentration of TPC
Broccoli UF; PES; TPC 94% recovery [54]
juice
Cactus pear OMD; PTFE TPC 2.6-fold concentration  [55]
juice of TPC
Cactus pear  UF; PSU; 10000  Betacyanins;  The rejection rates for  [56]
juice Da Betaxanthins  betaxanthins and

betacyanins were 6.5%

and 36%, respectively.
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[57]

UF was 37 % and 42%,

respectively.
The rejection towards
total phenolics was

16.4% and 8.2% for

[58]

modified PEEK & PSU

membranes,
respectively.
Rejections towards
polyphenols and
anthocyanins were
16.5% and 11.7%,
respectively.

The rejection of total
phenolics was 13.5%.
The UF showed very
low rejections in the
range of 0-22% for
different flavonoids,

whereas NF showed

[59]

[60]

[61]

rejection percentages in
the range of 48-63% for
750 Da and 92-99% for

450 Da membranes.

98.4 % recovery rate of

anthocyanin in the
permeate.

The anthocyanins’

[62]

[63]

recovery rate in retentate
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Lemon juice

Castanea
sativa leaves
aqueous

extract

Sideritis

extract

Raspberry

Juice

Clove basil

150000 Da; & NF;

PA, PES; 200 -
400 Da

UF; PVDF;

UF; Modified
PES; 5000 and
10000 Da

NF; Modified

polyimide; 300 -

500 Da

MF; Ceramic, 0.20
um; & UF; PSU;

30000 Da;

UF; PES; 10000

Da

Hesperidin

Total

phenolics

Flavonoids

Anthocyanins

Rosmarinic,
Chlorogenic,
and other

phenolic acids

varied from 60-100%
and 90-100% for
different UF and NF
membranes,
respectively.

65.8% recovery rate of
hesperidin in the
permeate.

Recovery rate of 92%
and 82.5% of total
phenolics in the
retentate for 5000 and
10000 Da, respectively.
All membranes showed
high rejection of
flavonoids, i.e., from
97% up to 99%.
Recovery rate of 83%
and 56% of
anthocyanins in the
permeate for MF and
UF, respectively.

76.80 +0.59 % and
52.52 +0.04 % of
polyphenols and
rosmarinic acid were

retained, respectively

[64]

[65]

[66]

[67]

[68]
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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 pm) 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
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].

11



Chapter — 1

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 process combining MF with a 0.05 um 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 um) 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
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,

12
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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. Diaz-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 Schitdl.) 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
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.

13
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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

and ferulic acid demonstrated identical moderate rejection (39.69%). Operational
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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 (NP0O10,
ETNA O1PP (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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1.5 Research Gaps

The following gaps were considered for this research work based on the literature

survey.

I.  Limited studies were found on the concentration of model solutions of

natural phenolic compounds using NF, especially betanin and rutin.

II.  The reported studies lack detailed analyses of the membrane transport
phenomenon, and only a few scale-up studies have been conducted to

assess NF process viability at larger scales.

III.  Limited studies were found on the concentration of phenolic compounds

from real sources using NF.
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.

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

concentrating different molecular weight phenolic compounds.

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

optimization of the operating parameters.

II1. 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.
1.7 Overview of the Thesis

The work embodied in the thesis entitled “Applications of membrane-based
operations in separation of natural phenolic compounds” has been divided into

SEVEN chapters to fulfill the above objectives.

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
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limitations for the separation and concentration of phenolic compounds, providing an
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
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model solutions. The aim was to optimize the separation process and validate a
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% 10° Pa - 6x 10° 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 5.52x 10" m¥/m?sPa, 2.15%1077 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
5.046x 10" m3*/m?sPa, 4.35x107 m/s, 0.967, 1.285x% 1072, 1.355x 10!, 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-
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assembled hybrid system (UF+NF) for the experimental procedure. The chapter
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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THEORY AND MATHEMATICAL MODELING

2.1 Introduction

Over the last few decades, membrane-based operations have indeed revolutionized the
scientific communities by offering efficient, eco-friendly, sustainable, and cost-
effective solutions in various industries, including water treatment [1]-[3], food and
beverage processing [4]-[9], pharmaceuticals [10], [11], and biotechnology [12]. The
selective permeability of membranes is based on factors such as pore size, charge, or
affinity, which underlie the separation, concentration, or recovery of compounds. Due
to its high selectivity, membrane-based operations enable precise control over product
quality and process efficiency [13], [14]. With the ongoing worldwide increase in
demand for cleaner, environmentally friendly methods for the recovery or
concentration of natural bioactives, the advancement and optimization of membrane

technologies have become critical for scaling up these processes.

Developing membrane processes to meet the specific separation objective for any
application, including the recovery or concentration of phenolic compounds, basically
requires designing, testing, optimizing, and scaling up membrane systems. The
development process usually begins by selecting appropriate membrane materials and
configurations, taking into account the molecular weight and nature of the target
compounds. For instance, UF membranes (10-100 nm) often remove larger particles,
while NF membranes (1-10 nm) effectively target dissolved ions and organic
molecules. Membrane separation efficiency is governed by multiple factors, including
operating conditions (pressure, feed flow rate, and feed composition) and membrane
module parameters (hydraulic permeability, solute permeability, and reflection
coefficient). Consequently, rigorous experimental investigation is imperative to
optimize critical process variables and maximize permeate flux, separation selectivity,

and compound recovery indices [15]-[18].
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Process optimization is a critical dimension in membrane technology development,
ensuring maximal system efficiency while preserving the structural integrity and
bioactive functionality of phenolic constituents. The optimization protocol requires
nuanced equilibration among competing operational parameters, simultaneously
achieving elevated permeate flux and rejection percentages without exacerbating
membrane fouling phenomena or diminishing separation selectivity. Contemporary
methodological approaches, particularly computational mathematical modeling
techniques, facilitate the identification of optimal operational conditions and
membrane parameters, thereby enabling predictive assessment of separation
performance metrics. Furthermore, implementing fouling mitigation strategies,
establishing systematic cleaning regimens, and incorporating turbulence-promoting
spacer elements constitute essential components for sustaining longitudinal

performance stability and minimizing operational expenditures [19].

Optimizing the membrane process at the laboratory or pilot scale is followed by the
next critical step: scale-up to industrial production. Scale-up poses many challenges,
including fluid dynamics and integration with larger active membrane areas, which
become progressively more complex as the process progresses. Deep and thorough
knowledge of the basic principles of membrane science, along with considerations of
aspects related to real-world industrial operations, is essential to facilitate successful
scale-up. Rigorous experiments, iterative testing, modeling, and validation are critical
requirements for the scale-up system to ensure robustness, reliability, and economic
viability when deployed in real-world applications. Developing and expanding
membrane techniques for concentrating natural phenolic compounds can significantly
advance the quest for sustainable, effective separation methods. By addressing
challenges such as concentration polarisation, selectivity, and process integration,
researchers and engineers can fully utilise membrane systems, enabling the production

of superior phenolic-rich extracts for various uses.
2.2 Transport Models for Membrane Processes

Nanofiltration (NF) is one of the pressure-driven membrane operations that exhibits
very low rejection of monovalent ions and high rejection of larger solutes or

multivalent ions. Transport models are essential for predicting key parameters and
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enhancing membrane performance, such as permeate fluxes and rejection percentages

[20].

Various mathematical models have been developed to characterize the complex
transport phenomena occurring during filtration. The evolution of transport models in
membrane technology begins with the transition from the Kedem-Katchalsky (K-K)
model of 1958 to the Spiegler-Kedem (S-K) model presented in 1966 [21]. The K-K
model, which calculates solute rejection relative to the bulk-phase solute
concentration, could not accurately predict membrane rejection rates. The S-K model
rectified the K-K model's limitations by estimating the actual rejection percentage
based on solute concentration at the membrane interface, thereby improving prediction
accuracy. Due to the requirement of different mass transfer coefficients, the S-K model
integrated with the film theory showed less accuracy in predictions [22]. However,
combining the S-K model with the K-K model yielded the Spiegler-Kedem (S-K)
model, which shows better accuracy and is widely used due to its “black box”

assumption [23], [24].
2.2.1 Solution-Diffusion (S-D) Model

The S-D model is the fundamental theoretical model that describes the solute and
solvent transport mechanism of the molecules across the non-porous membrane via
three stages: adsorption of the solute molecules onto the membrane surface on the feed
side, diffusion of the solutes through the membrane matrix, and desorption of the
solutes on the permeate side (Figure 2.1) [25]. Because the absorption and desorption
rates are higher and occur much more rapidly, solute diffusion becomes the rate-

determining step among these stages [26].

This model assumes that the pressure across the membrane matrix equals the feed
pressure, resulting in a zero pressure gradient across the membrane [27]. In the absence
of a pressure gradient, the concentration gradient serves as the sole driving force for
solute transport, making it particularly useful for RO, FO, and specific NF

applications.
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Figure 2.1 Solution-Diffusion model

2.2.2 Pore Flow (P-F) Model

Unlike the S-D model, the P-F model assumes the membranes are porous. The
convective solute transport across the membrane occurs through these tiny pores and
depends on the membrane's pressure gradient. According to this model, filtration
selectivity arises from size exclusion, as depicted in Figure 2.2. The solute particles
larger than the membrane's pore size are physically trapped or retained, while smaller
ones pass through. This model generally applies to UF and MF processes where pores

are more pronounced and convective transport dominates over diffusive transport.

Membrane

Feed side

Permeate side

P1 P2

Figure 2.2 Pore-Flow model
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2.2.3 Irreversible Thermodynamics (I-T) Models

The irreversible thermodynamic (I-T) models describe membrane transport from a
different perspective. These I-T models are based on the principles of non-equilibrium
thermodynamics and assume that the solute and solvent fluxes are linearly correlated

to all the driving forces acting in the system (Figure 2.3) [28]-[30].

Jy T — X,
I, X2
I X3
; ~.

T
Ji = § L X;
=1

Figure 2.3 Irreversible-Thermodynamic model

The most important feature of this model is the use of phenomenological coefficients
that encapsulate the membrane's transport properties without specifying the underlying
physical mechanism. This makes them versatile and applicable to porous and non-

porous membranes, making them suitable for RO, FO, and NF operations.
2.2.3.1 Kedem-Katchalsky (K-K) Model

Based on irreversible thermodynamics principles, the K-K model quantifies solute and
solvent transport across membrane interfaces using phenomenological equations. This
model employs three critical parameters: the hydraulic permeability (Lp), reflection
coefficient (o), and solute permeability (Bm), which collectively characterize the
membrane's selective permeation properties. Hydraulic permeability is a parameter
that describes how readily a membrane allows solvent (typically water) to pass through
under an applied pressure and reflects the membrane's intrinsic resistance to flow. The
reflection coefficient is a dimensionless measure of membrane selectivity toward a
specific solute, indicating the extent to which the membrane “reflects” the solute; a

value close to one signifies near-complete rejection, whereas a value close to zero

37



Chapter — 2

indicates that the solute passes freely with the solvent. Solute permeability is the
inherent ability of a solute to diffuse across the membrane driven by a concentration
gradient, independent of convective flow, and higher values indicate easier solute
transport. The development of the Kedem-Katchalsky model incorporates several key
simplifying assumptions to address the complex interactions inherent in membrane

filtration processes [30], [31].

e The model assumes that the transport parameters (Lp, Bm, and o) are constant
for a given membrane type.

e The solute and solvent transport across the membrane is driven by pressure and
concentration gradients.

e The model overlooks the effects of solute charge, solvent type, and membrane

material on the transport of solutes.

For instance, it linearly relates the solvent fluxes to the osmotic and pressure gradients

across the membrane (equation (2.1)) [18].
Jp = L, (Ap — oAm) ... (2.1)

Where L is the hydraulic permeability, o is the reflection coefficient, Am is the osmotic

pressure difference, and AP is the pressure gradient across the membrane.

The solute flux combines diffusion and convection-driven fluxes, as expressed in
equation (2.2). The term BmAc indicates the diffusive flux driven by the concentration
gradient, and the term Jv(1-0)c represents the convective flux driven by the pressure

gradient.

Js = BpAc+ (1 —o)c... (2.2)
Bm is the solute permeability, and c is the mean solute concentration.
2.2.3.2 Spiegler-Kedem (S-K) model

The S-K model is widely used in membrane technology, particularly for RO and NF
processes. Unlike purely mechanistic models, the S-K model accounts for non-ideal
membrane behavior, including solute rejection and diffusion effects. It provides a
mathematical framework for predicting solute and solvent fluxes, accounting for both

convective and diffusive transport mechanisms. The S-K model's solute and solvent
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flux equations are based on the K-K model, differing only in the membrane rejection
rate [31]. The model is useful for estimating membrane performance, optimizing
operational parameters, and understanding membrane fouling. Recent studies have
explored modifications and extensions of the S-K model, integrating film theory to
account for concentration polarization effects. Additionally, its application in forward
osmosis has revealed intriguing deviations from ideal semi-permeability, prompting
further refinements. Comparative analyses suggest that the original S-K model remains
effective for fundamental transport predictions, though hybrid approaches may

enhance accuracy.
2.3 Mathematical Foundation for Transport Modeling

Because the membrane, HFT-NF 150, has both porous and non-porous surfaces, the
three-parameter Spiegler-Kedem model was preferred over a solution-diffusion model
for predicting its performance. The Spiegler-Kedem model has been widely used for
reverse osmosis (RO) systems [32], and the same is applied in the present study of the
NF system. According to this model, the permeate volumetric flux (Jp) through the

membrane is given by equation (2.3)
L
Jp = ?P (Ap — oAm) ... (2.3)

Where Lj is the hydraulic permeability in kg/m?sPa, ¢ is the reflection coefficient, p
is the density in kg/m?, Ax is the osmotic pressure difference, and AP is the pressure

across the membrane. The value of osmotic pressure is given by equation (2.4).

™= %c ... (24

Here, M is the molecular weight in kg/mol, and R is the universal gas constant in
m?>.Pa/kg.mol, v is the van't Hoff factor, T is the temperature in Kelvin, and c is the

concentration in kg/m?
2.3.1 Concentration Polarization (¢)

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

39



Chapter — 2

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.

Concentration polarization must be accounted for in NF and RO models to determine
the membrane's intrinsic rejection, which depends on the membrane surface
concentration. In contrast, the observed rejection depends on the feed concentration.
Figure 2.4 shows the concentration profile and boundary-layer formation during the

filtration process.

Membrane

Bulk feed

Bulk concentration

C,, Concentration at membrane
surfacetowards bulk side

Cp Permeate concentration

Figure 2.4 Concentration profile in the membrane process

The film theory is used to define the concentration polarization, and its mathematical

expression is given in equation (2.5)

Cp is the permeate concentration, Cr is the feed concentration, and Cm is the
concentration at the feed and membrane interface. The mass transfer coefficient (k)

used in equation (2.5) is calculated by equation (2.6)

k=axQl ..(26)
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Qr1s the volumetric feed flow rate; a and b are constant coefficients for a given system.
Now, rewriting the equation for volumetric permeate flux in terms of bulk variable and

permeate variable gives equation (2.7)

VRT

Jw = %(Ap — oL (i - cp)) Q27

2.3.2 Equation for Rejection (R;)

Intrinsic rejection is a measure of the membrane's separation efficiency. According to

the Spiegler-Kedem model, the true rejection can be calculated by using equation (2.8)

R. = (1-F)o _1 _C_p

) 1-oF Cm

.. (2.8)

Where F is the flow parameter and is given by equation (2.9)

(o

1—
F=exp ]y X) .. (29)
Here, Bm represents the solute permeability in m/s.

2.3.3 Equations for Permeate Concentration (Cp)

The equation for permeate concentration can be derived in terms of concentration
polarization and rejection by eliminating Cm from equations (2.5) and (2.8) and
simplifying for Cp, and is given by equation (2.10)

_ $(-RyCe

Sl vyears B CAL)

The above equation (2.10) can be further simplified in terms of bulk parameters to

obtain equation (2.11)

Cr
Ch= ——%—~5m - (211
P 1+((1—c))((1¢F))

2.3.4 Equation for Permeate Flux (Jw)

Combining all the above equations, the equation for permeate volumetric flux can be

written as equation (2.12)
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1-F)
_ A URT )
]w = ElAp— GM_wq)Cf((lq:F)-l-—(l;o-)>l (212)

The three parameters of the Spiegler-Kedem model are hydraulic permeability (Lp),

reflection coefficient (o), and solute permeability (Bm).
2.3.5 Equation for recovery percentage (R)

Recovery percent is defined as the ratio of permeate flow rate (Qp) to feed flow rate
(Qr) multiplied by 100. When all other factors, such as feed water total dissolved solids
(TDS), operating pressure, and temperature, remain constant, percentage recovery and

rejection are inversely related.
QW
R=—=x100 ...(2.13)
Qf

Here, Qp and Qr are in m>/sec.

Equation (2.13) can be further simplified in terms of permeate flux as equation (2.14)

R=[8m 100 ... (2.14)
Qs

2

Here, Amis the active membrane area in m
2.4 Variance-based sensitivity

Variance-based sensitivity analysis is a powerful approach for understanding how
different input parameters contribute to uncertainty in model outputs. This
methodology is particularly valuable in research contexts where complex models with
numerous parameters simulate real-world systems. It analyzes how the variance of
model outputs can be apportioned to different input parameters and their interactions.
The fundamental concept is to decompose the total output variance into components
attributable to each input parameter or to parameter combinations. The most common
method for this framework is the Sobol's method, which provides the following
indices: First-order sensitivity indices (Si), which measure the direct contribution of
each parameter to output variance; total sensitivity indices (Sti): Measure the total
contribution of a parameter, including all its interactions with other parameters; and
higher-order sensitivity indices measuring interaction effects between specific

combinations of parameters.
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2.4.1 Mathematical Foundation for Sensitivity Analysis

Consider a mathematical equation ® as a function of input parameters A1, Az, As, ...,

An. (equation (2.15))
® = f(A, Ay, . Ay) ... (2.15)

Total unconditional variance V(@) can be defined as in equation (2.16) and is obtained

by the summation of first to highest-order partial variance for all parameters [38].
V@) = XPVi+ 27 25V + -+ 2 Vijn ... (2.16)

Here, Vi represents the partial variance component of the ith input parameter, Vij
represents the partial variance component due to the interaction between the i and j
input parameters, and so on. Now, dividing equation (2.16) by V(®@) gives equation

(2.17)

Where Si is the first-order sensitivity of the i input parameter, Sjj is the second-order
sensitivity representing combined variation due to components Ai and Aj taken
together, and so on. The total sensitivity of the i™ input parameter (Sti), including first

and highest-order sensitivities, can be calculated using equation (2.18)
Sti = Si+ Xi%Sij+ -+ XSijn ... (2.18)

Here, (STi-Si) can be calculated to estimate the higher-order sensitivity of the i input

parameter due to its interaction with other input parameters.

The first-order and total sensitivities were computed using equations (2.19) and (2.20).

| GENA R GR)-vB)]

G 2 .. (2.19

G (op))-8) (2.19)
(%m:l(ﬁ—y{ii)z)l

S i = 1 > . .(2.20

! l(ﬁzgq((y%) )-3) (2.20)

Where equation (2.21) represents the value of f2

2= (3)ZN0p? 2D
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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 i 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, Rz, ... Rna) are constituted by the replacement of

i 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.
2.5.1 Mathematical Foundation for Scale-up Studies

The volume and concentration of the feed and permeate streams are functions of time.
Hence, the mathematical model based on material and component balance predicts the

variations in feed volume and feed concentration over time.
Assumptions for the scale-up mathematical model

1. The mass transfer properties of the membrane do not change during the entire

process.

2. Input conditions like feed flow rate, temperature, and pressure remain

invariable throughout the process.
3. The membrane test cell functions under a quasi-steady state (QSS).

4. During the membrane filtration, the compounds are neither generated nor

consumed within the test cell, indicating the absence of any chemical reaction.
2.5.1.1 Unsteady State Mass Balance for Membrane Test Cell

The total mass balance and solute mass balance across the feed side can be expressed

by equations (2.22) and (2.23), respectively [20].

Qf — Qr = JpAm .. (2.22)
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QCr — QG = JsAm ... (2.23)

Jp and Js represent the permeate and solute flux, and Qrand Qr are the feed and retentate
stream flow rates, respectively. Cr and C: are the feed concentration and retentate

concentration, respectively. Am is the active membrane area of the setup.
2.5.1.2 Tank Mass Balance Equations

The volume and solute concentration of the feed solution change during the process.
A dynamic tank model was used to incorporate feed volume and concentration
variations in the feed tank. The outward flow of the feed tank is connected to the inlet
of the test cell, and the outward flow from the test cell is again recirculated as an inflow

to the tank.

Let Vibe the feed tank's initial volume at time t. After time At, the volume of the feed
tank becomes Vwat. The change in volume and concentration of the feed solution tank

can be expressed as equations (2.24) and (2.25).

S= Q- Qr ..(224)

dvc
0 = QCr— QG ...(225)

Combining all the equations,

dv
a = _]pAm (226)
dvc
Tf = JA, ...(227)

On solving equation (2.27), we get

dcy

th

dv
+Ce 5 = JoAm .. (228)

Putting the value from equation (2.26) in equation (2.28), we get

dcy

th

~ CpAm = JAm ... (2.29)

& _ Cf]pAm JsAm
o= e (—chWAm +1) ..(230)

Equations (2.29) and (2.30) can be used to predict the performance of the scale-up

setup.
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CHAPTER -3

INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

3.1 Introduction

This chapter serves as the methodological backbone of this research, systematically
detailing the key instrumentation and experimental methodologies employed. The
chapter describes the primary characterization instruments, their fundamental
principles, specifications, and calibration protocols. Following the instrumentation
overview, the chapter elaborates upon the fabrication of the experimental setup at the
laboratory scale, including a brief description of its components. Along with
descriptions of the instruments, this chapter explains the experimental procedures,
including membrane filtration and systematic data collection at each level. The chapter
concludes by elaborating on the theoretical framework employed to optimize different
membrane parameters. This detailed description of the instrumentation and
experimental procedures provides the necessary foundation for understanding the

results presented in subsequent chapters.
3.2 Instrumentation

Different instruments have been used at different stages of this research work,
including an Ultraviolet-Visible (UV-Vis) spectrophotometer to measure the
absorbance of permeate samples, a Scanning Electron Microscope (SEM) to examine
membrane morphology, and MATLAB software to estimate parameters. The following
sub-section gives a brief overview of all characterization techniques and

methodologies used in the entire period of the thesis work.
3.2.1 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis Spectroscopy is one of the most fundamental analytical techniques that
investigates electron interactions among atoms, ions, and molecules using ultraviolet
(180-390 nm) and visible (390-780 nm) wavelengths of electromagnetic radiation [1].
When electromagnetic radiation passes through a sample, absorption occurs at specific

wavelengths, causing electrons to transition to higher-energy states [2]. As stated in
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Beer-Lambert Law, the solution's absorption is directly related to the concentration of

solute in the solution and the distance the light travels through the sample (equation

(3.1)).
A= ecl...(3.1)

Where A indicates the absorbance, € is the molar absorptivity coefficient, c is the

concentration, and 1 is the path length.

Tungsten
Lamp Sample Detector |

Light Source

Beam
Monochromator Splitter

Signal processor g

Reference Detector 2

Display

Figure 3.1 UV-Vis Spectrophotometer (a) block diagram, and (b) analytical

instrument
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Each molecule absorbs specific wavelengths of light characteristic of it. In this manner,
the sample concentration can be determined by measuring the compound's absorbance
at its characteristic wavelength. UV-Vis Spectroscopy has been widely used in
chemistry, biochemistry, biotechnology, and material science to determine and analyze

various substances based on their absorption properties.

A spectrometer uses a source of light (a deuterium lamp for UV light and a tungsten
or halogen lamp for visible light), followed by a monochromator, a sample holder, a
detector, and then a digital screen, as illustrated in Figure 3.1(a). SHIMADZU UV-
1800 was employed for absorbance measurement (Figure 3.1(b)) for this research
work. Calibration ensures the accuracy of a device and establishes measurement
traceability [3]. Standard solutions with known concentrations are prepared to calibrate
the UV-Vis spectrophotometer. The absorbance of each standard at the target
wavelength is measured, and a calibration curve is generated plotting absorbance

against concentration [4].
3.2.2 Scanning Electron Microscopy (SEM)

SEM is an advanced imaging tool for examining surface morphologies with excellent
resolution. Instead of light, SEM uses a focused beam of electrons that scans the
sample's surface, generating several signals that can be used to analyze its topography,
composition, and other properties [5]. The main components of SEM include an
electron source (i.e., an electron gun), a sample stage, lenses and scanning coils, an
electron detector, and a display system for viewing images (Figure 3.2(a)). By
directing a beam of high-energy electrons, SEM can produce large volumes of

information at the solid surfaces.

SEM is widely used in materials science, biology, engineering, geology, and other
fields. High-energy electrons are generated at the uppermost part of the column and
accelerate downward, passing through multiple lenses to produce a focused beam that
strikes the specimen's surface. During interaction between the specimen and the
electron, signals are created and captured by detectors [6], [7]. ZEISS EVO 18 SEM

with 2.0 nm resolution, shown in Figure 3.2(b), was employed in this particular study.
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Electron Gun

[ Condenser Lens

Objective Lens

[ Sample Stage

[ Detector

[ Display Unit

Figure 3.2 SEM (a) block diagram and (b) analytical instrument
3.2.3 Matrix Laboratory (MATLAB)

MATLAB R2018a software is a high-level programming language and computing
environment developed by MathWorks, famous for its use in science, engineering, and
math. It is well known for numerical calculation, data processing, analysis,
visualization, and algorithm development. Its extensive library of built-in functions
and toolboxes, including Signal Processing, Image Processing, Machine Learning,
Control Systems, and Optimization Tools, makes it versatile across a wide range of
applications. Because of its user-friendly interface and powerful computational

capabilities, it has become an essential part of the research in multiple domains.

Figure 3.3 Matrix Laboratory
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3.3 Fabrication of the Setup

The experimental setup primarily comprised a stainless-steel membrane test cell
capable of withstanding pressures up to 40 bar, as illustrated in Figure 3.4(a), which

shows the self-assembled nanofiltration (NF) system.

(a)

Permeate line (m
Test cell
V-2
Retentate line ‘
| P [Nefafions
V-1 4}
3 2 B Pressure gauge
Recycle line S = F Flow meter

Feed tank ® V-1 Valve
V-2

Back pressure valve

Centrifugal Booster
pump pump

Figure 3.4 (a) Lab-prepared setup and (b) block diagram of the setup

The bulk feed solution was supplied from a 10 L feed tank to the membrane test cell
using a centrifugal pump (0.25 hp) in combination with a booster pump having a
nominal flow rate of 100 GPD and a maximum operating pressure of 12 bar. The
system operated in cross-flow mode, with the feed continuously circulated through the
membrane module and the permeate and retentate streams collected separately. The

test cell housed a flat-sheet polyamide NF membrane with a molecular weight cut-off
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(MWCO) of 150 Da, corresponding to an approximate pore size range of 0.1-10 nm.

The effective membrane area used for all experiments was 0.007856 m?.

Feed flow rate and pressure were monitored and controlled using a flow meter with a
measurement range of 100—1200 mL/min and a glycerine-filled pressure gauge with a
range of 0-9 bar. Needle valves installed on the feed and bypass lines were used to
regulate both the cross-flow velocity and the operating pressure. The operating
temperature was maintained at ambient conditions (25 + 2 °C), and the system was
allowed to reach steady state prior to data acquisition to ensure stable flux and rejection
measurements. Permeate flux was determined gravimetrically at fixed time intervals,

while retentate samples were collected in a separate tank for concentration.
3.4 Experimental Procedure

The experiments were conducted under standard procedures to ensure the reliability of
the results. First, the membrane was washed with distilled water to remove surface
contaminants from manufacturing and preservation processes [8], [9]. Water was then
circulated through the membrane test cell under high pressure to compact and stabilize
the washed membrane in position. The feed solution, prepared for the experiment, was
then pumped into the membrane test cell by operating two specified pumps. The feed
flow rates and pressures were regulated and maintained by valves and controllers along
the feed and bypass lines. After each experimental run, a digital thermometer was
employed to monitor the feed solution temperature. The retentate stream was then
pumped back into the feed tank to maintain the feed solution's concentration. The
permeate stream was collected at specific intervals, and permeate fluxes and flow rates
were calculated by measuring the volume accumulated over a uniform time interval.
Five different feed concentrations, feed flow rates, and pressures were used for the

sampling.
3.5 Permeate Sample Analysis Technique
Permeate flux measures the amount of permeate that passes through the membrane per

unit area per unit time. The mathematical equation (3.2) calculates the permeate flow

rate.

Permeate volume
Permeate flux = ———— ... (3.2)

Area XTime
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Permeate concentration was calculated using the Beer-Lambert Law (equation (3.1)). The
permeate concentration measurement involved two stages. The first stage was the
formation of the calibration curve, which involved plotting an absorbance versus
concentration curve using standard solutions of known concentration. The value of the
molar absorptivity constant was calculated from the slope of the calibration curve. The
second stage involved measuring the absorbance of the permeate samples and then

calculating the permeate concentration using the calculated molar absorptivity constant.
3.6 Parameter Estimation Technique

The above model contains five unknown parameters: the hydraulic permeability (Lp),
solute permeability (Bm), reflection coefficient (g), 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.
o Firstly, obtain the initial predictions for the parameters.

e Compute the values of error at all experimental data points. The expression for

error is defined in equation (3.2)
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E _ t Qpcal 2 Cpcal z
ITor = 1——) + 1—C— ...(3.2)

i=1 Qpexp pexp
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.

e 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, 0, a, b).

-

Input all inlet operating
conditions. experimental
permeate characteristics. initial
guesses for parameters of the
model. and physical dimensions
of modules

-

Estimate theoretical values from a
mathematical model

new set of
Pparameters

h 4

Determine the values of error using
between theoretical and optimization
i techniques

experimental data

h 4

If error is / No
less than the
tolerance /

Yes

-

[ Estimated parameter = Actual parameter ]

-

Figure 3.5 Algorithm flow chart for parameter estimation

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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CHAPTER - 4

RECOVERY OF RUTIN FROM MODEL SOLUTIONS USING
NANOFILTRATION

4.1 Introduction

Phenolics are the most abundant secondary metabolites in plants [1]. They are
generally found in various plant and vegetable matrices. Based on their functional
derivatives, more than 8000 structures are currently known. Phenolics are usually
categorized by aromatic rings containing one or more hydroxyl groups [2]. The various
classes of phenolics include flavonoids, stilbenes, phenolic acids, coumarins, tannins,
lignins, and lignans [3]. These groups perform different plant functions, such as
protection against ultraviolet radiation, pathogens, and other predators, and provide
flavor, odor, taste, color, and oxidative stability [4], [5]. The physiological activities of
these compounds include anti-infective, anti-aging, anti-inflammatory, and anti-

proliferative properties [6].

Phenolics also impart various health benefits and become a vital ingredient of the
human diet [7]. These phenolics are responsible for inhibitory activity against serious
problems such as cancer, diabetes, and others [6], [8]. These beneficial effects are
attributed to their antioxidant properties and ability to absorb generated free radicals.
Many studies have reported their efficacy as pharmaceutical agents, either as
alternatives or in synergy with aggressive treatments for diverse ailments. Other than
the pharmaceutical industry, various industries such as food, textile, cosmetic, and

packaging [9].

Rutin (quercetin 3-B-D-rutinoside; TUPAC name: 3'4',5,7-Tetrahydroxy-3-[a-L-
rhamnopyranosyl-(1—6)-B-D-glucopyranosyloxy]flavone) is a slightly water-soluble
crystalline powder that is yellow in color. The molecular structure of rutin is shown in
Figure 4.1. It is the primary coloring matter found in the leaves and blossoms of
buckwheat and many other plants [10]. Rutin is a beneficial pharmaceutical product

due to its excellent antioxidant, antiviral, and estrogenic properties [11]. It is also
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called vitamin P. Rutin has a protective effect against harmful X-rays and is therefore
used to treat people exposed to atomic radiation. The buckwheat plant is a prospective
commercial source of rutin. It is a perennial plant with a height of 1-1.75 m and
pinkish-white blooms, belonging to Central Asia. It is used as a fodder crop in several
nations. As a small-scale grain crop, it is widely cultivated in Kashmir, Manipur,
Sikkim, and Tamil Nadu. Rutin is mainly found in the plant's leaves and blooms (80—
90%); it 1sn't found in any quantity in the stems or fruits. Rutin concentration varies

with plant age, reaching a peak in the early stages of flowering.

Figure 4.1 Rutin

The extraction and recovery of these bioactive phenolics are tedious tasks. Therefore,
the extraction method must be carefully selected to prevent chemical changes to the
target molecules [12]. Moreover, traditional extraction methods for separating
phenolics use organic solvents, which makes them expensive. Also, the extract
recovered from these processes may contain undesirable residual solvents for food
applications. Therefore, there is a need for a new, cost-effective method for phenolic
recovery and extraction [1], [13]. Membrane filtration has become a promising
technology for concentrating phenolics. The principle behind the membrane-based
processes is the permeation of selective particles through membranes. This filtration
process offers various benefits, such as low-temperature requirements, low energy
consumption, reduced operational costs and time, reduced waste disposal, continuous
operation, and easy scalability for commercial upgradation [14]-[16]. Hydrostatic

pressure is the driving force behind mass transfer in membrane processes [16], [17].
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Membrane filtration expedites many applications, such as wine concentration, solvent
exchange in the chemical industry, and clarification and concentration of various juices
in the food industry [18]-[24]. Of all the processes, nanofiltration (NF) has the highest
retention rate for a molecular weight range of 100 Da to 1000 Da [25].

Carmela Conidi ef al. [26] used three commercially available NF membranes (NFPES
10, N30F, and NF270) to concentrate phenolic compounds from bergamot juice. The
investigations revealed that the NF270 membrane showed the highest rejection of 82%
towards phenolics and 90-97.7% towards flavonoids. Payel Ghosh et al. [23]
concentrated the anthocyanidin from Indian blackberry by combining ultrafiltration
(UF) and NF. A spiral-wound polysulfone NF membrane (MWCO of 300 Da) with an
effective area of 0.3 m? was used to concentrate UF-clarified juice. This investigation
observed a high permeate flux of 366 L/hm? and a 74% rejection of polyphenols at 2.5
mPa. Swallow Wei et al. [2] have concentrated the single-component rutin model
solution and the binary mixture of rutin and glucose using UF. They used Pellicon-2
regenerated cellulose UF membrane with an active membrane area of 0.1 m? and a
MWCO of 1000 Da. The single-component UF showed concentration factors of 1.32
for rutin and 1.02 for glucose at 4 bar, 35°C, and a feed flow rate of 1 L/min. The best
performance of the dual component (sugar + rutin) was observed when the rutin

concentration factor and recovery in the retentate were 2.9 and 72.5%, respectively.

Only a few papers were found on the concentration of rutin using NF. A detailed
analysis of the membrane transport phenomenon to assess the process's viability on a
larger scale was not reported. Hence, this research aims to focus on different model-
rutin solutions, analyze the effects of operating conditions, and optimize transport

parameters to assess the performance of the NF150 membrane for scale-up viability.
4.2 Materials and Methods
4.2.1 Materials

The laboratory-grade Rutin (molecular weight of 610.517 g/mol) was purchased from
CDH Chemicals, New Delhi, India. The RO water was collected from a purification
machine at Delhi Technological University, Delhi. The HFT-NF150 membrane was

purchased from Permionics Pvt. Ltd., Gujarat, India.
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4.2.2 Experimental Procedure and Conditions

As discussed in Chapter 3, the self-assembled NF Setup was used to perform all
experiments. The concentration range of 20—100 mg/L for rutin was selected to reflect
realistic levels reported in plant-derived extracts. In particular, extracts from
buckwheat (Fagopyrum esculentum) milling fractions have been reported to contain
rutin in the range of approximately 19-168 ppm, with many flour fractions falling
within the ~20-100 ppm window. This concentration span directly overlaps with the
20-100 mg/L range commonly employed in nanofiltration model feed studies and
represents moderately concentrated botanical extracts obtained after primary
extraction and clarification. Therefore, the chosen range is both literature-supported
and practically relevant, ensuring that the experimental conditions closely mimic real
feed compositions while maintaining reliable analytical quantification and stable

membrane operation.

The experiments for the model rutin solutions were conducted at low pressures, as the
highest feasible pressure for the NF experimental setup is 6x10° Pa. Feed flow rates in
the moderate range were preferred for the experimental studies due to the smaller area
of the experimental setup. Regarding higher feed flow rates, variations in velocity and
concentration in the permeate and feed channels may be imperceptible or negligible.
Hence, the test cell performance cannot be adequately examined. Experiments were

performed for different operating conditions, as depicted in Table 4.1

Table 4.1 Experimental conditions for different model solutions of rutin

Operating conditions Value/Ranges
Feed concentration, mg/L 20-100
Pressure, Pa 2x10° - 6x10°
Feed flow rate, L/h 12 - 36
Temperature, °C 22+1

Time, min 5
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4.3 Results and Discussion

The experiments were performed with a water/rutin mixture at varying feed
concentrations under different operating conditions. The various operating parameters
and their variation range are shown in Table 4.1. The system behavior was analyzed

by varying one operating condition at a time while keeping the others constant.
4.3.1 Estimation of Unknown Model Parameters and Validation
4.3.1.1 Estimation of Hydraulic Permeability

The pure water flux tests were conducted under different conditions with feed flow
rates ranging from 12 L/h to 36 L/h at an ambient temperature of 22 + 1°C. The
pressure was the variable under control in these tests. The tests were conducted by
varying the pressure from 2x 10° Pa to 6x 10° Pa at a fixed feed flow rate of 30 L/h. A
linear increase in flux values with increased pressure was observed (Figure 4.2). Table
4.2 presents the theoretical and experimental pure water permeability data, along with
the percentage error. Conversely, the feed flow rates had a negligible impact on pure

water flux at a fixed pressure. This indicates the absence of concentration polarization.

Table 4.2 Data for estimating the hydraulic permeability of the membrane before

experiments on the rutin model solutions

Pressure (Pa) Qw the (L/h) Qw exp (L/h) Error (%)
2x10° 0.31 0.32 333
3%10° 0.47 0.48 2.12
4%10° 0.62 0.64 3.13
5%10° 0.78 0.80 2.50
6x10° 0.94 0.95 1.05

Predicted hydraulic permeability, L, = 5.52x%10"!! m?*/m?sPa.

The slope of the graph of pure water flux versus pressure difference gives the hydraulic
permeability. The equation (4.1) relates hydraulic permeability, pressure difference,

and flux.
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Figure 4.2 Pure water flux vs. pressure at a constant feed flow rate of 30 L/h
For validation of the experimental results with the theoretical results, the mean
absolute percentage error was calculated by using the mathematical equation (4.2)

Ev-Tv
Ev

MAPE = 2yn

n

... (42)

Here, Evis the experimental value, Ty is the theoretical value, and n is the total number
of experimental sets. For pure water permeability data, the MAPE for water flow rate
was 2.43, with a maximum absolute percentage error (mAPE) of 3.33%. The

calculated hydraulic permeability is then used to estimate other unknown parameters.

4.3.1.2 Estimation of Solute Permeability (Bn), Reflection Coefficient (¢), and
Mass Transfer Coefficients (a & b)

Different sets of experimental runs were used to estimate solute permeability (Bm),
reflection coefficient (o), and mass transfer coefficients (a and b). The experimental
values were obtained by fixing the value of two condition variables and varying the
value of one. The pressure and concentration varied from 2x10° Pa to 6x10° Pa and
from 20 mg/L to 100 mg/L, respectively. An ambient temperature of 22 + 1 °C was
selected for the experiment. Feed flow rate varies from 12 L/h to 36 L/h, with a 6 L/h

range. The remaining parameters were estimated by fixing the calculated hydraulic
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permeability 5.52x107!" m*/m?sPa and optimizing the others using the fminsearch
optimization method in the MATLAB platform. The complete data on experimental
and theoretical values, along with their validation, are tabulated in Appendix A1l. The
predicted average parameters were: Solute permeability (Bm) = 2.15x107 m/s;

reflection coefficient (o) = 0.98; mass transfer coefficients, a=1.755x 102, b= 0.0809;

The above equation (4.2) is then used to calculate the MAPE for permeate flow rate,
permeate concentration, and rejection percentage. The MAPEs for permeate flow rate,
permeate concentration, and rejection were 16.6%, 14.85%, and 0.46%, respectively.
The results also showed that the permeate concentration exhibited the greatest
deviation between theoretical and experimental values, with a maximum percentage

error of 54.04%. Table 4.3 represents the error analysis for permeate characteristics.

Table 4.3 Permeate characteristics error analysis for the model solutions of rutin

Permeate Characteristics MAPE (%) mAPE (%)
Permeate flow rate, L/h 16.6 36
Permeate concentration, mg/L 14.85 54
Rejection, % 0.46 1.8

4.3.2 Effects of Various Operating Conditions

The performance of the membrane test cell is greatly affected by various operating
conditions. The roles of feed concentration, pressure, and feed flow rate were studied

in this work using the HFT-NF150 membrane.
4.3.2.1 Effects of Pressure

The permeate flux increases with pressure at a fixed feed concentration and feed flow
rate. An increase in permeate flux from 1.27x107° m*/m?s to 3.04x 10 m3/m?s was
observed as pressure increased from 2x 10° Pa to 6x 10° Pa at a fixed concentration of
20 mg/L and a feed flow rate of 36 L/h. This is because pressure is a driving force
responsible for mass transfer. A similar trend was seen for other values of feed flow

rates and feed concentrations, as depicted in Figure 4.3(a). Also, a slight increase in
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rejection percentage from 98 to 98.5% was observed with increased pressure at a fixed
feed flow rate of 36 L/h and a 20 mg/L concentration. Figure 4.3(b) represents the
influence of pressure on percentage rejection. This is generally due to decreased solute

permeation due to the accumulation or agglomeration of solute particles on the

membrane at higher pressure.
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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

4.3.2.2 Effect of Feed Concentration

Feed concentration plays a vital role in the mass transfer of molecules through
membranes, as membranes are susceptible to the critical concentrations of compounds
with higher molecular weight [27]. The permeate flux decreases as the feed
concentration increases. This is caused by increased osmotic pressure, which reduces
the driving forces for mass transfer. It was seen in Figure 4.4(a) that the value of
permeate flux decreases from 1.27x10° m*/m’s to 1.02x10°> m*/m?’s as the feed
concentration increases from 20 mg/L to 100 mg/L at a fixed feed flow rate of 36 L/h
and pressure of 2x10° Pa. The same pattern was observed for other pressure values
and feed flow rates. Also, a minimal decrease in rejection percentage was observed
with increasing rutin concentration in the feed solution [28]. This may be because, at
higher concentrations, a thin concentration layer forms near the membrane interface,

resulting in a decrease in permeate flux. This decrease in flux results in an overall
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increase in permeate concentration. Figure 4.4(b) shows that at a fixed flow rate of 36

L/h and a pressure of 6x10° Pa, the percentage rejection decreased from 98.5% to

97.9% as the feed concentration increased from 20 mg/L to 100 mg/L.
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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

4.3.2.3 Effects of Feed Flow Rate

The experimental results showed that the permeate flux increases with feed flow rates
at a constant concentration and pressure. This is because removing solute molecules
accumulating near the membrane surface reduces concentration polarization.
Increasing feed flow rates also increases the rejection percentage. Figure 4.5(a)
presents the variation of permeate flux as a function of feed flow rates. It was observed
that the value of permeate flux increases from 0.99x 10°° m?>/m?s to 1.27x 10 m*/m?s
at a fixed pressure of 2x10° Pa and fixed concentration of 20 mg/L. A similar trend
was also observed for other pressure and concentration values. The results, as depicted
in Figure 4.5(b), also show that the percentage rejection for the 20 mg/L feed solution
increases from 98% to 98.5% with increasing feed flow rate from 12 L/h to 36 L/h at
a fixed pressure of 6x10° Pa. This is due to a decrease in the concentration gradient

caused by the turbulence in the stream at higher feed flow rates.
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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
4.3.3 Variation Analysis

The theoretical values of the permeate characteristics were investigated using the
estimated parameters. At constant feed concentration and feed flow rate, the
experimental variation of permeate flux and rejection percentage with respect to
pressure was seen clearly in Figures 4.3(a) and 4.3(b), in accordance with the
mathematical equations (2.12) and (2.8), respectively (as discussed in Chapter 2). The
experimental data for analyzing the effect of feed concentration on permeate flux
showed a trend per equation (2.12), discussed in Chapter 2, as depicted in Figure
4.4(a). However, the variation in theoretical data for permeate flux and rejection
percentage was not observed with changes in concentration. This may be due to the
minimal variation in feed concentration (parts per million), which showed no visible
effect on the osmotic pressure term in equation (2.3) of Chapter 2. The experimental
variation in permeate flux and rejection percentage with feed flow rate was clearly
evident, as depicted in Figures 4.5(a) and 4.5(b). The mathematical equations (2.5) and
(2.6) discussed in Chapter 2 for concentration polarization validate the same trend. As
the feed flow rate increases, the mass transfer coefficient increases, ultimately
decreasing the concentration polarization. Hence, the theoretical equations validate the
observed experimental trend. However, the theoretical data for permeate flux and
rejection percentage showed no apparent variation and remained almost constant with

respect to the feed flow rate. This may be due to a negligible increase in the mass
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transfer coefficient, attributed to the tiny membrane test cell area of 0.007856 m?. The
regression curve in Figure 4.6 showed the deviation of experimental data from the
theoretical data. The regression curve showed that the error variation for permeate flow
rate, permeate concentration, and rejection percentage is between £30%, £30%, and
+3%, respectively. The maximum number of data points is found from the error bars

of permeate concentration, as shown in Figure 4.6(b).
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Figure 4.6 Regression curve of rutin model solutions for (a) permeate flux, (b)

permeate concentration, and (c) rejection percentage.

4.3.4 Selectivity Analysis

Based on the experimental conditions and optimized parameter values, a suitable range
of operating conditions and membrane parameters was selected for the variance-based

sensitivity analysis and reported in Table 4.4.
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Table 4.4 Ranges of different parameters for the sensitivity analysis for the model rutin

solutions
Parameters Range
Pressure, Pa 2x10°-6x10°
Feed concentration, mg/L 20 - 100
Feed flow rate, L/h 6-36
Hydraulic permeability, kg/m?sPa 5.5%x107-5.5%107
Solute permeability, m/s 2.15%10°-2.15x108
Reflection coefficient 0.7-1

As discussed in Chapter 2, a variance-based sensitivity analysis was used to assess the
dependence and interdependence of module parameters and operating conditions on
permeate flux and rejection percentage. The analysis requires the formulation of two
independent matrices, each containing random values drawn from the given data
ranges. The matrices should contain equal numbers of input parameters. All the model
evaluations were performed in Google Colab. All the data were stored in a CSV file

for further processing.

Figures 4.7 and 4.8 present the normalized sensitivities (first-order and total) for
permeate flux and rejection percentage, respectively, under different operating
conditions and membrane module parameters, with varying sample sizes. The
convergence of the entire data set, sampled randomly, occurs slowly after a certain
number of samples. The results showed that the first-order and total-order sensitivity
indexes fluctuated initially, then varied marginally. The negligible variance after a

sample size of 80,000 provides confidence in the sensitivity estimates at 1,00,000.
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Figure 4.8 Values of the first-order and total sensitivity on rejection of rutin with
increasing sample size for (a) pressure, (b) feed concentration, (c) feed flow rate, (d)

hydraulic permeability, (e) solute permeability, and (f) reflection coefficient.
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4.3.4.1 Sensitivities of Different Operating Variables and Membrane Parameters

for Permeate Flux

Figure 4.9(a) represents the comparison of first-order sensitivity (S), total sensitivity
(St), and their differences (St-S) for permeate flux. It was observed that the normalized
sensitivities (S and St) of hydraulic permeability were the highest, followed by
pressure, and the sensitivities of all other operating parameters, such as feed flow rate,
feed concentration, solute permeability, and reflection coefficient, were comparatively
negligible. Thus, it can be concluded that hydraulic permeability and pressure are the
most controlling parameters for total volumetric permeate flux. Also, the value of (St-
S) was low for L, and AP. Therefore, the interactive effects of AP with other operating
parameters are relatively insignificant on volumetric flux. Based on the sensitivity
values (St and S), operating variables and membrane parameters can be sorted in
decreasing order as Lp > AP > Cb > 0 > Bm > Q. The lower sensitivities of Cb and Q

are due to low concentration polarization and a smaller test cell area.
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Figure 4.9 Sensitivity of different operating and membrane parameters for (a)

permeate flux and (b) rejection, for rutin solutions.

4.3.4.2 Sensitivities of Different Operating Variables and Membrane Parameters

for Rejection

As with permeate flux, hydraulic permeability (Lp) is the most influential parameter.

A similar trend in (St-S) was observed, as seen earlier for permeate flux (Figure

4.9(b)).
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4.3.5 Performance of Scale-up

The efficiency of membrane test cells depends largely on operating conditions. However,
removing rutin to the desired limit also depends on the module's active membrane area.
Not only this, but the higher membrane area may also lead to greater variations in pressure
and temperature along the length of the flow channels in the module, thereby reducing the
overall efficiency of the membrane module. Thus, using many smaller test cells in series
is recommended rather than increasing the membrane area in a single test cell. Figure 4.10

represents the schematic diagram for the scale-up setup.

PT-2
Recycle ‘ v ‘
A
FM-2 V-4 FM-3
Concentrate
Membrane Permeate
Pressure Release Module Volumetric
Valve V- Balance
| v _
) L a
\'i/i ’ e FM  Flow Meter
Feed o X L :
L A A% Valve
Tank V1 Data
Feed Pump PT  Pressure

~— 7 Analysis
— Y Transducer

Figure 4.10 Schematic diagram for scale-up

Simulations were performed to treat 100 L of model compound solution at a feed
concentration of 100 mg/L, a pressure of 2x10° Pa, and a feed flow rate of 36 L/h.
Figure 4.11 shows the variation in feed concentration and volume over time. It was
found that the feed concentration increases exponentially up to a specific limit and
then becomes almost constant, whereas the feed volume decreases over time and
eventually becomes constant. This may be due to the precipitation of the rutin in the
feed solution, which almost stops water permeation. Other operating conditions, such
as the feed flow rate and operating temperature, are held constant throughout the
simulation. These simulations proved that the proposed scale-up setup can concentrate

rutin to the desired limits.
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Figure 4.11 Variation analysis of (a) feed concentration and (b) feed volume

concerning time for a 100 L rutin model solution having a 100 mg/L feed

concentration.

Results were then analyzed to concentrate the rutin in the feed solution from 100 mg/L
to 50000 mg/L at different pressures and active membrane areas. Figure 4.12(a) shows
the time variation concerning pressure at a fixed feed flow rate of 36 L/h and an active
membrane area of 1.0 m? This relationship is crucial for scale-up because it shows
that increasing pressure can optimize process efficiency, but with diminishing returns
above a certain level. This is because the permeation volume increases with pressure
until a critical concentration is reached; at this point, solute precipitation starts at the

membrane surface.

As shown in Figure 4.12(a), a significant decrease in filtration time from 2.55 h to 0.84
h was observed as the pressure increased from 2x10° Pa to 6x10° Pa. Simultaneously,
the feed volume decreased from around 0.21 L to 0.08 L. The gradual decline suggests
that rutin molecules interact moderately with the membrane surface, creating some

resistance but not severe fouling.
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Figure 4.12 Time required to concentrate rutin from 100 mg/L to 50000 mg/L at (a)

different operating pressures and (b) active membrane area.

The simulations with different membrane areas also showed the same trend as the pressure
simulations. It can be seen from Figure 4.12(b) that the time required to concentrate the rutin
feed solution from 100 mg/L to 50000 mg/L decreases from 5.10 h to 1.02 h with an increase
in active membrane area from 0.5 m? to 2.5 m?at a fixed pressure of 2x 10° Pa and feed

flow rate of 36 L/h. Also, the rutin feed volume decreases gradually from 0.22 L to 0.16 L.
4.4 Conclusion

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 6x 10° Pa and a feed flow rate of 36 L/h, with a
maximum permeate flux of 3.04x% 10 m*m?s 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 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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CHAPTER -5

CONCENTRATION OF BETANIN FROM MODEL BEETROOT
USING NANOFILTRATION

5.1 Introduction

Phenolic compounds are plants' most abundant secondary metabolites [1]. Over 8000
structures are known based on their functional derivatives and are found in various
varieties of matrices in different vegetables and fruits. Phenolic compounds are
generally characterized by one or more aromatic rings bearing one or more hydroxyl
groups [2]. The phenolic compounds are classified into flavonoids, simple and
condensed tannins, phenolic acids, stilbenes, lignans, coumarins, and lignins [3]. These
phenolic compounds perform various functions in plants, including protection; they
also provide flavor (astringency, odor, and taste), appearance (color), and oxidative
stability [4]. Phenolics also exhibit physiological properties such as anti-aging, anti-

infective, anti-inflammatory, and anti-proliferative [5].

Phenolic compounds also provide many human-health-related functional benefits.
Their natural antioxidant properties prevent oxidation of high-density lipoproteins and
remove low-density lipoproteins, which are helpful in human cellular processes [6].
Moreover, their free radical-scavenging properties reduce ulceration and counteract
the harmful effects of mutagens, including carcinogens [1], [2]. The ability of these
phenolic compounds to absorb generated free radicals is also responsible for inhibiting
the progression of various inflammatory and degenerative diseases, such as cancer,
Alzheimer’s, and diabetes [5], [7]. Many scientific studies have shown the efficacy of
these phenolic compounds as pharmaceutical agents, either as alternatives or in
synergy with regular meditation for diverse ailments. Not only do pharmaceutical
industries utilize these phenolic compounds, but they also have biotechnological
applications in various other industries, such as food, packaging, cosmetic, and textile

industries [8].
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Betanin is a water-soluble vacuolar chromo-alkaloid with a molecular weight of
approximately 550 Da and is found in Beta Vulgaris L, also known as beetroot and
chukandar [9]. At mildly acidic to neutral pH, betanin predominantly exists in an
ionized form, strongly influencing its transport by Donnan exclusion effects in addition
to steric hindrance. Structurally, betanin possesses a relatively rigid, bulky molecular
framework with multiple hydroxyl and carboxyl groups, resulting in a large hydrated
radius and high hydrogen-bonding capacity. These features increase its effective size
in aqueous solution, enhancing size-based rejection even by membranes with nominal
molecular weight cut-offs close to its molecular weight. Collectively, these
physicochemical attributes make betanin an ideal probe molecule for elucidating
coupled steric and electrostatic transport mechanisms in nanofiltration, and for
systematically studying the interplay between membrane pore size, surface charge, and
operating conditions in the separation of natural bioactive compounds. Betanin has
applications in various industries, including the food industry as a colorant and the
pharmaceutical industry as an active ingredient in medicines. It is used for coloring
meat substitutes, gelatin, desserts, summer sausage, and dairy products. The recovery
of phenolic bioactive compounds from their natural sources is tedious due to the high
enzyme activity in most foods and plants. Therefore, the choice of extraction method
must be made with the utmost caution to prevent chemical changes to the target
molecules [10]. Also, standard extraction and separation methods for phenolic
compounds from natural sources often use organic solvents such as methanol and
hexane. These solvent-based processes are very costly, and the phenolic extracts may
contain residual solvents, which makes them unfit or undesirable for food applications
[1]. Therefore, a new cost-effective technology is required to concentrate the phenolic

fractions for nutraceutical use.

Membrane filtration is a promising technology for the concentration of phenolic
compounds due to its benefits, such as the absence of high temperatures, the lack of
phase transitions, low energy consumption, the absence of organic solvents, and low
waste disposal. Moreover, other biological molecules, such as sugars and proteins, can
be easily separated from phenolic solutions, and concentration and purification steps

can be combined into a single step, reducing operational costs and time. Membrane-
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based processes can operate continuously and are easy to scale up to the commercial
level [11]. Membrane-based processes rely on the selective permeation of different
feed species through semipermeable membranes. The driving force for mass transfer
in membrane processes such as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) is hydrostatic pressure [12]. Membrane
filtration is used in many applications, such as solvent exchange in the chemical
industry [13], concentration and purification of xanthophylls [14], concentration of

wines [15], and concentration and clarification of juices [16]-[20] in the food industry.

Giordana D. Arend ef al. [18] have concentrated the bioactive compounds from
strawberry juice using a polyvinylidene difluoride (PVDF) NF membrane with a
molecular weight cut-off of 150-300 Da. They found that the NF of natura juice has
retention values above 95% for total phenolic content (TPC). In another similar work,
Carmela Conidi et al. [21] concentrated the phenolic compounds from orange press
liquor using four different membranes: NF-70 (polyamide+polysulfone), NF-200
(poly-piperazine amide), N30F (polyethersulfone), and NFPES10 (polyethersulfone)
having MWCO of 180 Da, 300 Da, 400 Da, and 1000 Da, respectively. The
investigations revealed that all the NF membranes showed a high average rejection
percentage towards anthocyanins (89.2-95.9%) and flavonoids (70-95.4%). Beatriz
C.B.S Mello et al. [22] have concentrated the flavonoids and phenolic compounds in
aqueous and ethanolic propolis extract using NF90 membrane (polyamide and
polysulfone). It was obtained that the aqueous solution of propolis retained almost 99%
of flavonoids and 84% of phenolic compounds. However, the retention values were
reduced to 90% for flavonoids and 53% for phenolic compounds during the filtration

of ethanolic solutions.

In previous studies [16]-[19], [21], [23], [24], the authors have focused solely on
different phenolic compounds, and a detailed investigation of membrane transport
phenomena using mathematical models was not reported. Besides this, no literature
has been found on the concentration of betanin using the HFT-NF 150 membrane. This
study investigated the performance of the HFT-NF 150 membrane for the recovery of
betanin from model beetroot extract. The Spiegler-Kedem model was used to describe

the transport phenomenon and to assess the process's viability for industrial
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applications. A rigorous study was also conducted to analyze the effects of various

operating conditions and transport parameters through a sensitivity analysis.
5.2 Materials and Methods
5.2.1 Materials

The laboratory-grade betanin (molecular weight: 550.47 g/mol) was bought from TCI
Chemicals, Adambakkam, India. Figure 5.1 represents the molecular structure of the
betanin compound. The RO water was collected from the RO water purification
machine available at Delhi Technological University, Delhi. An NF membrane (HFT-
NF 150) was supplied by Permionics Pvt. Ltd., Gorwa, Vadodara, India. The
membrane surface was composed of polyamide and had a molecular weight cut-off of

150 Da.
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Figure 5.1 Betanin
5.2.2 Experimental Procedure and Conditions

All the experiments were performed on the self-assembled NF Setup, as discussed in
Chapter 3. The experiments for the model betanin solutions were conducted at low
pressures, as the highest feasible pressure for the NF experimental setup is 0.6 MPa.
Flow rates in the moderate range were preferred for experimental studies due to the
smaller area of the experimental setup. At higher flow rates, variations in velocity and
concentration in the permeate and feed channels may be imperceptible or negligible.
Hence, the test cell performance cannot be adequately examined. Experiments were

performed for different operating conditions, as depicted in Table 5.1
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Table 5.1 Experimental conditions for different model solutions of betanin

Operating conditions Values
Pressure, MPa 0.2-0.6
Feed concentration, g/L 0.1-0.5
Feed flow rate, mL/min 200 — 600
Operating temperature, °C 25+1
Operating time, min 5

5.3 Results and Discussion

All experiments and simulations were performed using model solutions of betanin with
varying feed concentrations under different operating conditions. The system's
behavior was examined by changing a single operating condition at a time and keeping

others constant.
5.3.1 Unknown Parameter Estimation and Model Validation:
5.3.1.1 Estimation of Hydraulic Permeability (L;):

The pure RO water flux tests were performed under various conditions using different
feed flow rates (200 mL/min - 600 mL/min) at room temperature. The pressure was
the variable under control in these trials. The experiments were performed by
increasing the pressure from 0.2 to 0.6 MPa in increments of 0.1 MPa. Since there was
no fouling, a linear increment in water flux with pressure was seen [25]. On the other
hand, because there would be no concentration polarisation at the membrane surface,
the feed flow rate had a very low impact on pure RO water flux at a single pressure
[26]. Tap water, on the other hand, contains substances that can accumulate on the
membrane surface, causing fouling; therefore, different flow behavior will be observed

when tap water is used [2].

A numerical parameter estimation program determined the hydraulic permeability
(Lp), which was matched to the value obtained from a graph of permeate flux versus

the pressure difference across the membrane. The feed flow rate of 500 mL/min was
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kept constant for this particular investigation. Table 5.2 shows the pure water
permeability data, and Figure 5.2 represents the pure water (pxJw) vs AP graph. The
hydraulic permeability (Lp) of the membrane is calculated by the slope of the line and

is given by the formula represented in equation (5.1)

_Jw
L, = ap XP .. (5.1

Table 5.2 Data for estimating the hydraulic permeability of the membrane before

experiments on the betanin model solutions

Pressure (MPa) Jy exp (x10° m3/m?s) J, the (x10° m3/m?s)  Error (%)

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, Ly = 5.52x% 10® kg/m?sPa.

0.035

Equation y=a+b*x
R-Square (COD)  0.99934
0.030 1 Adj. R-Square 0.99912

0.025

=
=
=3
=
1

(pxJ,)x107" (m*/m’s)

0.015 +

0.010

T
0.1 0.2 0.3 0.4 0.5
Pressure (MPa)

Figure 5.2 Pure water (pxJw) versus AP at a constant flow rate of 500 mL/min

The mean absolute percentage error (MAPE) can be calculated by equation (5.2)
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T
Mean absolute percentage error = % iiq |1 - E—W ...(5.2)

Tw represents the theoretical value, Ew represents the experimental value, and n
represents the number of experimental sets performed. The mean absolute percentage
error (MAPE) was 1.99 for pure water flux. The above set of equations now has only

four unknown parameters: Bm, 0, a, and b.

5.3.1.2 Estimation of Solute Permeability (Bm), Reflection Coefficient (o), and
Mass Transfer Coefficient (a and b)

The values of solute permeability (Bm), reflection coefficient (o), and mass transfer
coefficients (a and b) were estimated using different experimental runs at various
operating conditions. The pressure varied from 0.2 to 0.6 MPa, with increments of 0.1
MPa, and the feed concentration ranged from 0.1 to 0.5 g/L, with increments of 0.1
g/L. The temperature was maintained at 22 = 1 °C for all experiments. The feed flow

rates used for this investigation were 200, 300, 400, 500, and 600 mL/min.

In this experimental work, two optimization methods were used to analyze the effects
of different model parameters on permeate flux and rejection. In the first optimization
method (M1), the value of L, was calculated from the slope of the pure water flux vs
pressure graph. This value is then fixed for optimizing Bm, g, a, and b. The complete
data points used for optimization and their model validation data are shown in
Appendix A2. In this case, the mean absolute percentage errors for permeate flux and
rejection are 11.06% and 1.05%, respectively. All five parameters were optimized in
the second optimization method (M2) to minimize the overall error between theoretical
and experimental data points. The mean absolute error for permeate flux and rejection
is 7.03% and 1.02%, respectively, for this case (Appendix A3). It was seen in Table
5.3 that the optimization of all five parameters (Lp, Bm, 0, a, and b) using theoretical
and experimental data points showed the lowest value of MAPE for permeate flux and
rejection than other methods of optimization. This may be because, in addition to the
permeate flux for model solutions, the experimental pure water flux also showed some
variation from the calculated fluxes; hence, the calculated L, can be optimized to
minimize the overall error, as Lp is the most influential parameter on permeate flux.

Previous literature [27]-[30] showed that the membrane deforms at higher hydraulic
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pressures. Hence, applied pressure changes the value of hydraulic and solute
permeability. The lower overall deviation at 0.6 MPa indicates that the membrane does

not deform significantly.

Table 5.3 Comparison of the parameter estimation methods for the betanin model

solutions
mAPE (%) MAPE (%)
Method Optimization technique Jp R Jp R
Ml Bm, 0, a, and b optimization using 29.49  2.68 11.06 1.05
calculated L
M2 Lp, Bm, 0, a, and b optimization 2640 2.68 7.03 1.02

5.3.2 Effects of Various Operating Conditions

Various operating conditions, such as feed concentration, pressure, and feed flow rate,
can influence the performance of the membrane test cell. The roles of these operating
conditions on the separation and concentration of betanin model solutions were

investigated using the HFT-NF 150 membrane.
5.3.2.1 Effect of Pressure

The overall permeate flux at any time interval increases with increasing pressure for
constant concentration and flow rate, as depicted in Figures 5.3(a) and 5.3(b). The
results obtained showed that at a constant flow rate of 600 mL/min, the value of
permeate flux increased from 1.37x10° m’m?s to 3.14x10° m’/m’s for a
concentration of 0.1 g/L and from 1.13x 107> m?*/m?s to 2.57% 10" m*/m?s for a feed
concentration of 0.5 g/L. This is generally due to an increase in the permeation force,
as pressure is the primary driving force for mass transfer across the membrane. Similar

patterns were observed for other concentration and feed flow rate values.

Moreover, the rejection percentage increases slightly from 96 to 99% as the pressure
increases from 0.2 MPa to 0.6 MPa for a feed concentration of 0.1 g/L and from 94 to
96% for a 0.5 g/L feed concentration at a fixed flow rate of 600 mL/min, as depicted

in Figure 5.3(c). This may be because increased pressure increases hydraulic flux.
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However, solute flux does not vary much with pressure, as diffusive mass transport
dominates over convective mass transport (o = 0.969), leading to an overall decline in

permeate concentration and a slight increase in rejection.
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Figure 5.3 Influence of pressure on permeate flux (a) at a constant feed concentration
of 0.1 g/L, (b) at a constant feed flow rate of 600 mL/min, (c) influence of pressure on

percentage rejection at a constant feed flow rate of 600 mL/min, for betanin model

solutions.
5.3.2.2 Effect of Feed Flow Rates

The experimental results showed that increasing feed flow rate increased permeate flux
at constant concentration (Figure 5.4(a)) and at constant pressure (Figure 5.4(b). This
is because a high feed flow rate removes solute particles from the membrane surface,

thereby reducing concentration polarization. Figures 5.4(a) and 5.4(b) depict a
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variation of permeate flux as a function of feed flow rates ranging from 200 mL/min
to 600 mL/min at different pressure variations of 0.2 MPa to 0.6 MPa and
concentration variation from 0.1 g/L to 0.5 g/L. The graph shows that the permeate
flux increases from 1.10x 107> m*/m?s to 1.37x10 m?/m?s at a constant pressure of
0.2 MPa and a constant concentration of 0.1 g/L. The same trend was observed for

other pressure and concentration values.
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Figure 5.4 Influence of feed flow rate on permeate flux (a) at a constant feed
concentration of 0.1 g/L, (b) at a constant pressure of 0.2 MPa, (c) influence of feed
flow rate on percentage rejection at a constant feed concentration of 0.1 g/L, for
betanin model solutions.

Also, the solute rejection percentage increases from 97 to 99% as the feed flow rate

increases from 200 mL/min to 600 mL/min at a constant pressure of 0.6 MPa and a
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constant concentration of 0.1 g/L (Figure 5.4(c)). A similar trend was observed for
other concentration and pressure values (Figure 5.4(c)). This may be because a
reduction in concentration polarization at higher flow rates lowers solute concentration

at the membrane surface, leading to lower solute flux and higher rejection.

5.3.2.3 Effects of Feed Concentration
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Figure 5.5 Influence of feed concentration on permeate flux (a) at a constant feed flow
rate of 600 mL/min, (b) at a constant pressure of 0.6 MPa, (c) influence of feed
concentration on percentage rejection at a constant pressure of 0.6 MPa, for betanin

model solutions.

Feed concentration plays a vital role in membrane fouling. As mass transfer in
membrane processes depends on the membrane’s molecular weight cut-off,

concentration by membrane processing is highly sensitive to the critical concentration
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for moderately high-molecular-weight compounds [31]. The permeate flux and
permeate flow rate decrease with increasing betanin feed concentration, as higher
concentrations increase osmotic pressure, thereby reducing the driving force for mass
transfer. Figure 5.5(b) represents the decline in permeate flux value from 3.14x 107>
m?/m?s to 2.57%10”° m*/m>s as the feed concentration increases from 0.1 g/L to 0.5
g/L at a feed flow rate of 600 mL/min and a constant pressure of 0.6 MPa. A similar
trend was observed for other flow rates and pressures, as shown in Figure 5.5(a). Also,
Figure 5.5(c) shows a decrease in the rejection percentage from 97 to 94.4% as the
feed concentration increased from 0.1 g/L to 0.5 g/L at 0.6 MPa pressure and a feed
flow rate of 200 mL/min. This is due to the lower water flux and higher solute flux at

higher solute concentrations in the feed.
5.3.3 Regression Curve Analysis

The regression curve showed the variation between the experimental data points and
the theoretical values calculated from the model equations. Figure 5.6(a) shows that
all the permeate flux data points obtained experimentally lie within the band range of
-30 to 30% of the theoretical values of permeate flux obtained through model
equations. The rejection regression curve (Figure 5.6(b)) showed the lowest errors,
with all the rejection data points obtained experimentally falling within £5 % of the

theoretical rejection values calculated from the model equations.

4.5

(a) 1044 () P
40 Jv_exp=Jv_the . R_exp =R_the /-/
o Jv_the 102 o R_the e
735 - = 5%
35
g <100 4
"E é 100
=30 o
" S 98-
= o
x 2.5 2
2 2 g6
el '2
[F)
E 20 Z
=
1.5
924
1.0
90 +
T T T T T T T T T T
35 90 91 92 93 94 95 96 97 98 99 100
S 33 -
Flux_expx10™ (m”/m’s) Rejection_exp (%)

Figure 5.6 Regression curves of betanin model solutions for (a) permeate flux and (b)

rejection percentage.
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5.3.4 Selectivity Analysis

The sensitivities of different module parameters and operating conditions were
analyzed using a suitable range for each input parameter and are reported in Table 5.4.
As discussed in Chapter 2, variance-based sensitivity analysis requires the formulation
of two independent matrices (P and Q) containing equal numbers of input parameter
sets. All the model evaluations were performed in Google Colab. All the data were

stored in a CSV file for further processing.

Table 5.4 Ranges of different parameters for sensitivity analysis of model betanin

solutions
Parameters Range
Pressure, MPa 0.2-0.6
Feed concentration, kg/m? 0.1- 0.5
Feed flow rate, m®/s 3.3x10°-10x10°
Hydraulic permeability, kg/m?sPa 5.5%x10°-5.5%107
Solute permeability, m/s 4.03x10°—-4.03x10®
Reflection coefficient 0.8-1

Normalized sensitivities (first-order and total) for different operating conditions and
membrane module parameters to permeate flux and rejection percentage, with
variation in sample size, are shown in Figure 5.7 and Figure 5.8, respectively. As S;
and Sti are computed after every batch (containing 100 random samples) selected from
the whole dataset, convergence occurs slowly after a certain number of samples. The
results showed that the first-order sensitivity and total order sensitivity index
fluctuated initially until 5000 samples, then varied marginally. This provides

confidence in evaluating the sensitivity values at a sample size of 50000.
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5.3.4.1 Sensitivities of Different Operating Variables and Membrane Parameters

for Permeate Flux

Table 5.5 presents a comparison of first-order sensitivity (S), total sensitivity (St), and
their difference (St-S) for permeate flux. It was observed that the normalized
sensitivities of hydraulic permeability were the highest, followed by pressure, and the
sensitivities of all other operating parameters, such as feed flow rate, feed
concentration, solute permeability, and reflection coefficient, were comparatively
negligible. Thus, it can be concluded that for total volumetric permeate flux, hydraulic
permeability, and pressure are the most controlling parameters. Pressure is the main
driving force for mass transfer across the membrane. Also, the value of (St-S) was low
for Ly and AP. Therefore, the interactive effects of AP with other operating parameters
are relatively insignificant on volumetric flux. Based on the sensitivity values (St and
S), operating variables and membrane parameters can be sorted in decreasing order as
Ly >AP>Cb > 0> Bm> Q, as represented in Figure 5.9(a). The lower sensitivity of

Cv and Q is due to lower concentration polarization and a smaller test cell area.

Table 5.5 Normalized sensitivities of different operating and membrane parameters

for total permeate flux at a 50000 sample size

Parameter S St St-S

Pressure, MPa 1.940x10"! 2.560x10""  6.20x107
Feed concentration, kg/m? 2.620x10°  3.150%x10° 5.30x107
Feed flow rate, m*/s 2.260x107 1.740x10® 1.51x103
Hydraulic permeability, kg/m?sPa ~ 7.430x10"  8.050x10" 6.20x10
Solute permeability, m/s 3.530x10®%  7.150x10® 3.62x10%
Reflection coefficient 4960x107  9.870x107 4.91x107
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Figure 5.9 Sensitivity of different operating and membrane parameters for (a)

permeate flux and (b) rejection, for betanin solutions.

5.3.4.2 Sensitivities of Different Operating Variables and Membrane Parameters

for Rejection

First-order sensitivity (S), total sensitivity (St), and their difference (St-S) for

operating variables and membrane parameters related to rejection are tabulated in

Table 5.6

Table 5.6 Normalized sensitivities of different operating and membrane parameters

for rejection at the sample size of 50000.

Parameter S St St-S

Pressure, MPa 1.949x10"  2.566x10"  6.17x1072
Feed concentration, kg/m? 3.207x10°  4.256x10°  1.05x10°
Feed flow rate, m*/s 6.573x10° 2.320x10® 1.66x10?®
Hydraulic permeability, kg/m?sPa 7.430x10"  8.047x10"  6.17x10?
Solute permeability, m/s 5.732x10%  1.101x107  5.29x10®
Reflection coefficient 7.992x107  3.430x10° 2.63x10°
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As with permeate flux, hydraulic permeability (Lp) is the most influential parameter.

A similar trend in (St-S) was observed, as seen earlier for permeate flux (Figure
5.9(b)).

5.3.5 Performance of Scale-up Setup

Operating conditions primarily influence the efficiency of membrane test cells, while
betanin removal's effectiveness depends on the test cells’ active membrane area.
However, an increase in membrane area can lead to substantial variations in pressure
and temperature along the length of the flow channels, thereby reducing overall
module efficiency. To mitigate these effects, employing multiple smaller test cells in

series is recommended over expanding the membrane area in a single test cell.
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Figure 5.10 Variation analysis of (a) feed concentration and (b) feed volume

concerning time for a 100 L model solution of betanin having a 100 mg/L feed

concentration.

Simulations were conducted to process 100 liters of model betanin solution with an
initial feed concentration of 100 mg/L, applying a pressure of 2x10° Pa and a feed
flow rate of 36 L/h. Figure 5.10 illustrates the variation in feed concentration and
volume over time. The results indicate that feed concentration increases exponentially
up to a threshold, beyond which it stabilizes, while feed volume decreases over time
until reaching a steady state. This phenomenon is likely attributed to the precipitation

of betanin within the feed solution, which significantly impairs water permeation. The
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simulation maintained other operational parameters, including feed flow rate and

operating temperature, at constant values.
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Figure 5.11 Time required to concentrate betanin from 100 mg/L to 50000 mg/L at (a)

different operating pressures and (b) active membrane area.

Results were then analyzed to concentrate betanin from 100 mg/L to 50000 mg/L in
the feed solution at different pressures and active membrane areas. Figure 5.11(a)
shows the time variation in response to pressure at a fixed feed flow rate of 36 L/h and
an active membrane area of 1.0 m?. This relationship is crucial for scale-up because it
demonstrates that increasing pressure can optimize process efficiency, but with
diminishing returns above certain levels. This is because the permeation volume
increases with pressure until a critical concentration is reached; at this point, solute

precipitation starts at the membrane surface.

As shown in Figure 5.11(a), a significant decrease in filtration time from 2.57 h to 0.84
h was observed as the pressure increased from 2x10° Pa to 6x10° Pa. Simultaneously,
the feed volume shows a much steeper initial decline from about 0.30 L to 0.16 L. This
steeper decline suggests that betanin molecules may be more susceptible to pressure-
induced conformational changes or aggregation. Figure 5.11(b) shows the simulation
results for the filtration time required to concentrate betanin feed solution from 100
mg/L to 50000 mg/L. The time decreased from 5.00 h to 1.06 h, with an increase in
active membrane area from 0.5 m? to 2.5 m? at a fixed pressure of 2x10° Pa and a feed

flow rate of 36 L/h. However, betanin feed solutions exhibit a much more dramatic
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response to changes in membrane area. The feed volume drops sharply from about
7.26 L to nearly 0.43 L as the area increases from 0.5 m? to 1.0 m?, then stabilizes. This

dramatic change suggests that betanin is more sensitive to surface area effects.
5.4 Conclusions

In this work, the membrane test cell performance of HFT-NF 150 was investigated
experimentally and theoretically for the separation of model betanin feed solutions of
different concentrations. The theoretical predictions of the Spiegler-Kedem model for
output characteristics are well matched to the experimental results. Low mean absolute
percentage error (MAPE) values for output characteristics, such as permeate flux and
rejection percentage, provide confidence in integrating the HFT-NF 150 membrane
test cell into the design of a commercial-scale NF unit. Also, the effects of various
operating parameters were analyzed in this work. The permeate flux increases with
pressure and flow rate, but decreases with concentration. The maximum permeate flux
of 3.14x10° m*/m?s and a percentage rejection of 99% was obtained at a high flow
rate of 600 mL/min and high pressure of 0.6 MPa, but at a low feed concentration of

0.1 g/L.

Variance-based sensitivity analysis was also used to assess the influence and
interdependence of operating and membrane module parameters on permeate flux and
rejection. The indices began to converge after 5000 and remained almost stable at a
sample size of 50000. The hydraulic permeability and pressure were the most

influential parameters for permeate flux and rejection, respectively.

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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CHAPTER -6

CONCENTRATION OF BETANIN FROM BEETROOT JUICE

6.1 Introduction

Natural foods and bioactives have been part of the human diet for ages [1]. However,
in the last few decades, the demand for natural food colors and bioactives has grown
significantly as people have shown interest in healthier options over artificial additives
[2]. Research indicates that plant-derived ingredients make food more appealing and
offer health benefits, such as helping fight aging, infections, inflammation, and
abnormal cell growth [3]-[5]. Phenolics are a highly prevalent secondary metabolite in
plants, contributing to their health and sensory qualities. These compounds, identified
by their unique aromatic rings with hydroxyl groups, boast over 8000 known varieties
in many vegetables and fruits [6]-[8]. Phenolic compounds come in diverse forms,
including flavonoids, tannins (both simple and condensed), phenolic acids, stilbenes,
lignans, coumarins, and lignins. Each of these has a function in plants, providing

defense and contributing to the plant's flavor, color, and even its oxidative stability.

Regarding human health, these compounds are nothing short of remarkable. These
compounds offer numerous health benefits in humans due to their antioxidant
properties. They play a critical role in preventing the oxidation of high-density lipids,
neutralizing free radicals, and reducing the adverse effects of mutagens and
carcinogens. They act as the body's cleanup crew, neutralizing free radicals that cause
cell damage and exhibiting anti-aging, anti-infective, anti-inflammatory, and anti-
proliferative properties [9]-[12]. As a result, these compounds are gaining attention for
their potential use in the pharmaceuticals, food, cosmetics, packaging, and textile

industries.

Betanin is a water-soluble vacuolar chromo-alkaloid found in Beta vulgaris L.
(commonly known as beetroot or chukandar) [13]. In the food industry, it's used to
color a wide range of products, including meat substitutes, gelatins, dairy products,

juices, and desserts [14]. However, recovering these valuable phenolic compounds is
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challenging due to enzymatic activity in most foods and crops. The standard
conventional methods for isolation and concentration are liquid-liquid extraction,
evaporation, or crystallization. These often require organic solvents such as methanol
and hexane, which can be prohibitively expensive and leave unwanted residues,
mainly when used in food products [15], [16]. New, cutting-edge, cost-effective
technologies are required to address this, and one of them is membrane filtration.
Scientists have already proven the potential of membrane filtration in many

applications [17], [18].

Due to its efficiency and eco-friendliness, membrane filtration has solved the challenge
of extracting phenolic compounds. Precise separation of molecules can be achieved
using techniques such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
and reverse osmosis (RO). This technology has many advantages over traditional
methods: it operates at low temperatures, undergoes no phase transition, consumes low
energy, and uses no organic solvents. It can easily overcome the hurdles posed by other
biological molecules, such as sugars and proteins, and achieve concentration and
purification in a single step. On top of all that, membrane-based methods are on a
continuous and commercial scale. Researchers have used different membrane
technologies to concentrate phenolic compounds from strawberry juice, orange press

liquor, and propolis extracts [19]-[23].

Tamba A. ef al. [24] employed an integrated coupling process to separate betacyanins
in cactus pear juice using four different MF membranes. The investigations showed
retention values of 0.81-1 for betacyanins. Arend G.D. et al. [19] used a polyvinylidene
difluoride NF membrane with a molecular weight cut-off (MWCO) of 150-300 Da to
concentrate the bioactive compounds in strawberry juice. They discovered that the
natura juice's NF had total phenolic content (TPC) retention values greater than 95%.
Conidi C. et al. [20] used four distinct membranes: NF-70 (polyamide+polysulfone),
NF-200 (poly-piperazine amide), N3O0OF (polyethersulfone), and NFPESI0
(polyethersulfone) - with MWCOs of 180, 300, 400, and 1000 Da, respectively, to
concentrate the phenolic compounds from orange press liquor in a related study.
According to the investigations, these NF membranes exhibited a high average

rejection percentage towards flavonoids (70-95.4%) and anthocyanins (89.2-95.9%).
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Studies have shown that different membranes for concentrating phenolic compounds

exhibit high retention values and industrial potential.

This investigation aimed to check the separation efficiency of a hybrid system
comprised of UF and NF for the concentration of betanin in beetroot juice. It assessed
the effects of different operating conditions concerning permeate flux and rejection.

Later, the fouling mechanism was evaluated using the experimental data obtained.
6.2 Materials and Methods
6.2.1 Materials

The red beetroot was purchased from Ajadpur mandi, Delhi, India. Reverse osmosis
(RO) water was collected from the RO purification machine at Delhi Technological
University, Delhi. Flat sheet NF membranes (HFT-NF 150) were supplied by

Permionics Pvt. Ltd, Gorwa Vadodara, India.
6.2.2 Experimental Setup

The hybrid system was designed to integrate ultrafiltration (UF) and nanofiltration
(NF) processes for the efficient separation and concentration of bioactive compounds
(Figure 6.1). The system incorporated two stainless-steel membrane housings for UF
and NF membranes. The system also consisted of two feed tanks (UF feed tank and
NF feed tank) and four electric motors (% horsepower centrifugal pumps, followed by
booster pumps (Konvio Neer 100 GPD RO diaphragm booster pump, input power
suitable for 24V DC). Needle valves, rotameters (100-1200 mL/min), and glycerine-
filled pressure gauges (0—16 bar) were also installed to monitor and control the feed
flow rate and maintain hydraulic pressure. Separate tanks were used to collect the
retentate and permeate streams, with the retentate recirculated into the feed tank during

single-component experiments involving betanin.
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Figure 6.1 Block diagram of self-assembled hybrid system (UF+NF)

6.2.3 Experimental Procedure
6.2.3.1 Juice Extraction

The red beetroot obtained from the Ajadpur mandi was thoroughly washed with RO
water to remove natural microflora, dirt, and other impurities. After washing, the
beetroot was peeled cautiously and segmented into uniform small pieces. A domestic
fruit juicer (Bajaj Neo JX4 450-Watt Juicer Mixer Grinder With 2 Jars, Delhi, India)
was employed to extract juice from the fragmented beetroots. The extracted juice was
immediately filtered through a standard filter and temporarily stored at 4°C before
clarification. The freshly extracted beetroot juice used as the feed solution was
characterised to establish its physicochemical properties prior to membrane filtration.
The juice exhibited a pH of 6.5, providing a mildly acidic nature. The dynamic
viscosity was measured at approximately 1.5-2.2 mPa.s at 25 °C, which is higher than
that of distilled water due to dissolved sugars, pigments, and colloidal solids. The
betanin concentration in the raw juice was determined spectrophotometrically and
ranged from 300 to 800 mg/L, depending on the beetroot variety and extraction

conditions.
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6.2.3.2 Membrane Filtration

Other polysaccharides and proteins present in raw beetroot juice strongly influence
betanin NF behavior by modifying both the physicochemical properties of the feed and
the fouling dynamics at the membrane surface. The elevated viscosity and high
molecular weight polysaccharides enhance concentration polarization and form a
compressible gel or cake layer on the membrane, increasing hydraulic resistance and
reducing permeate flux, while sometimes increasing the apparent rejection of betanin
due to secondary filtration effects. Proteins further exacerbate fouling through
adsorption and pore blocking via electrostatic and hydrophobic interactions, and they
can alter the effective membrane surface charge, thereby changing solute-membrane
interactions that govern betanin transmission. Together, these matrix components lead
to greater flux decline, higher operating pressures, and less stable long-term
performance, underscoring the importance of upstream clarification or pretreatment
(e.g., ultrafiltration or centrifugation) to improve the efficiency and reproducibility of

betanin nanofiltration.

Before experiments, the UF and NF membranes were rinsed with distilled water for
24 hours to remove residual preservatives from the surfaces used to manufacture and
preserve the membranes. High-pressure water circulation was used for 1-2 hours to
ensure membrane compaction and stabilization in the test cells. The feed solution was

circulated through the setup for 15-20 minutes to precondition the system.

The system begins with the UF stage, introducing 10 liters of diluted juice into the
system using two electric pumps at a constant temperature of 25 = 2 °C. The valve
installed on the feed line was used to regulate the feed flow rate, as observed by the
provided flow meter. During UF, the feed stream was converted into two streams: the
permeate stream, which passes through the membrane, and the retentate stream, which
does not pass through the membrane. The permeate stream was collected in a tank for
further processing, while the retentate stream was recycled into the feed tank. The

permeate stream of the UF setup was then transferred to the feed tank of the NF setup.

The NF experiments were carried out by pumping clarified juice into the NF test cell

using a centrifugal pump and a booster pump. The NF test cell has an HFT-NF
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membrane composed of polyamide with an active membrane area of 0.00785 m?. The
clarified juice was pumped into the test cell using electric pumps. Similar to the UF
stage, the retentate stream was reprocessed into the feed tank to maintain the feed
solution concentration, and the permeate stream was collected in a separate tank for
analysis. The tests were performed at varying times (5 - 25 min), pressures (2 - 6 bar),
and feed flow rates (200 - 600 mL/min), aiming to evaluate the influence of these
operating conditions on permeate flux and rejection. The different valves and
controllers at the feed and bypass lines maintained and controlled the feed flow rates
and pressures. The average temperature maintained for NF experiments was room
temperature. A digital thermometer was also employed to check the temperature of the
feed solution after each run. The collected permeate stream was used to calculate
permeate fluxes by measuring the volume collected after a constant period (equation
(6.1)). The concentration of betanin in the feed and permeate was determined using a
UV-1800 spectrophotometer (SHIMADZU). Experiments were conducted over

varying times, pressures, and feed flow rates to ensure consistent, reproducible results.

Vp
Amp Xt

Jp = ... (6.1)

Jp is the permeate flux, Vyp is the permeate volume, Am is the active membrane area,

and t is the time.
6.2.3.3 Membrane Fouling

Fouling accumulates unwanted materials on the membrane surface or within its pores
over time during a separation process. It is one of the significant problems in
membrane technology that leads to degradation of membrane performance, increased
energy consumption, and reduced membrane lifetime [25]-[27]. Fouling also affects
the efficiency and selectivity of various membrane processes by reducing

permeability; thus, it is a critical factor in membrane selection for membrane filtration.

For this investigation, the membranes underwent a two-step cleaning process after
filtration, combining a 30-minute rinse with pure RO water at a higher feed flow rate
of 600 mL/min, followed by a 60-minute exposure to 0.125 M NaOH solution. Pure
water permeability tests were performed before and after the experiments to evaluate

the membrane's fouling index (FI) using equation (6.2) [23].
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F1 = ( —‘VN"—:’)xmo .. (6.2)

Here, Wa and Wy are pure water permeability before and after filtration.
6.2.3.4 Fouling Mechanism

The deposition of foulants on the membrane surface can be described using four
mechanistic models: complete blocking, intermediate blocking, standard blocking, and
cake filtration. The complete blocking model conjecture posits that particles block the
entry points to membrane pores entirely because their sizes exceed the pores'
diameters. This results in an immediate reduction in the membrane filtration area,
preventing the flow into the system. Equation (6.3) represents the normalized flux as
a function of time for the complete blocking model. The intermediate blocking model
assumes that some particles block pores and others accumulate on top of other
deposited particles (equation (6.4)). Cake filtration occurs when particles accumulate
on membrane surfaces, forming a thick, permeable cake that adds resistance to flow
by acting as a secondary filtration layer (equation (6.5)). Standard blocking assumes
that particles accumulate on the pore walls, gradually decreasing the pore size and,
hence, reducing the permeate flux (equation (6.6)). These models help predict filtration
behavior, optimize membrane-cleaning strategies, and enhance system design to

improve efficiency and longevity.

]lz exp (=K') ... (6.3)

] 1

o= e 69
|
E_ (1+k/t)0.5 "'-(6.5)
J_ _ Lt

E_ (1+krt)? (66)

J is the permeate flux at time t, and Jo is the initial flux. The fouling rate constant is

represented by k’.
6.3. Results and Discussion

The beetroot juice experiments were performed at various times under various

operational conditions. At room temperature, the feed flow rates were increased from
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200 mL/min to 600 mL/min, and the pressure was raised from 2 bar to 6 bar. A smaller
range of feed flow rates was chosen for experimental studies due to the small size of
the membrane test cell. A total of 125 data points were recorded by varying these

operating parameters.
6.3.1 Estimation of Membrane’s Hydraulic Permeability

The pure water flux tests were performed under various conditions using different feed
flow rates (200 mL/min - 600 mL/min) at room temperature. The pressure was the
variable under control in these trials. The experiment was performed by changing the
pressure from 1 to 6 bar with increments of 1 bar. Since there was no fouling, a linear
increment in water flux with pressure was seen. On the other hand, because there was
no concentration polarisation at the membrane surface, the feed flow rate had a

negligible impact on pure RO water flux at a single pressure.

354

Fquation y=a+h*x
304 Intercept  0.28995 = 3.85372
Slope 556506 = 106896

Water flux (x10° m/s)
= b 2 H
1 1 1 1
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<
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¥

Pressure (bar)

Figure 6.2 Water flux vs. pressure

A numerical parameter estimation program determined the hydraulic permeability
(Lp), which was matched to the value obtained from a graph of permeate flux versus
the pressure difference across the membrane. The feed flow rate of 500 mL/min was
kept constant for this investigation. Table 6.1 shows the pure water permeability data,

and Figure 6.2 represents the pure water flux vs pressure graph.

The membrane's hydraulic permeability (Lp) was calculated from the slope of the line

and was obtained as 5.57x10°% ms'bar.
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Table 6.1 Data for estimating the hydraulic permeability of the membrane before

experiments on beetroot juice

Pressure (bar) Jyexp (x10° m3/m?s) Jy the (x10° m3/m?s) Error (%)

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

The formula represented in equation (6.7) was used to calculate the theoretical water
fluxes, and equation (6.8) was used to calculate the mean absolute percentage error

(MAPE) [28], [29].

— Jw
Lp= 2 ..(67)

T
Oyn |1 ~wl (6.8)

MAPE = =
Ew

n

Tw and Ew represent the theoretical and experimental water flux, respectively, and n

represents the number of experiments performed. The MAPE was 2.26 for water flux.
6.3.2 Operating Parameters Effect Analysis
6.3.2.1 Effect of Operating Time

As the feed solution is beetroot juice containing high-molecular-weight compounds,
operating time is a key factor in concentration polarization and fouling. The permeate
flux decreases with increasing operating time. This may be due to either concentration
polarization or the accumulation of particles near the membrane surface or in the pores,
which reduces the water transport across the membrane. As shown in Figure 6.3(a),
the permeate flux decreases from 6.94x 10° m/s to 3.33 x 10" m/s as the operating time
increases from 5 minutes to 25 minutes at a fixed feed flow rate of 600 mL/min and a

pressure of 6 bar. Also, a very slight decrease in rejection percentage was observed
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with increasing operating time. Figure 6.3(b) shows that at a fixed flow rate of 600
mL/min and a pressure of 6 bar, the percentage rejection decreased from 94% to 93%
with an increase in operating time from 5 minutes to 25 minutes. This may be because
a decline in the diffusive flux of water results in less dilution of the permeate and

slightly increases its concentration.
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Figure 6.3 Influence of time on (a) permeate flux and (b) percentage rejection, for

beetroot juice
6.3.2.2 Effects of Pressure

The permeate flux increases with increasing pressure at a fixed feed flow rate. An
increase in permeate flux for 5 minutes was observed from 2.31x 10 m/s to 6.94x 10-
® m/s as the pressure was increased from 2 bar to 6 bar at a feed flow rate of 600
mL/min (Figure 6.4(a)). This is because pressure is the driving force for water transport
across the membrane. A similar trend was observed for other feed flow rates. The
rejection percentage increased slightly from 92% to 95% as pressure increased from 2
bar to 6 bar, at a fixed feed flow rate of 600 mL/min and a duration of 5 minutes (Figure
6.4(b)). This is because increased pressure increases the diffusive water flux rather
than the convective solute flux, leading to greater dilution of the permeate and higher

rejection values.
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Figure 6.4 Pressure influence on (a) permeate flux and (b) percentage rejection, for

beetroot juice
6.3.2.3 Effects of Feed Flow Rate:

Figure 6.5(a) presents the variation of permeate flux as a function of feed flow rates.
The experimental results showed that the permeate flux increased from 4.17x10° m/s
to 6.94x% 10 m/s over 5 minutes at a fixed pressure of 6 bar. Higher feed flow rates
reduce the thickness of the concentration polarization layer and remove accumulated
solute molecules near the membrane by increasing turbulence. This enables more
water to be transported across the membrane, causing higher permeate flux. A similar
trend was also observed for other pressure and time values. Figure 6.5(b) shows that
increasing the feed flow rate from 200 mL/min to 600 mL/min slightly increases the
rejection percentage from 92% to 94% at 5 minutes and 6 bar. As discussed earlier, a
higher feed flow rate reduces concentration polarization by increasing mixing in the
feed section, thereby lowering the osmotic pressure, which is the driving force for
solute transport. Thus, lower osmotic pressure reduces solute transport across the
membrane and enhances solute rejection. A similar trend was observed for other

concentrations and pressures.
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Figure 6.5 Influence of feed flow rate on (a) permeate flux and (b) percentage

rejection, for beetroot juice
6.3.3 Fouling Analysis

Equation (6.2) was used to report the membrane fouling index. The pure water
hydraulic permeability was measured following the chemical cleaning process. The
hydraulic permeability of the membrane decreased from 5.57x10° ms'bar! to
4.73%10° ms'bar! with the FI of 15.1%. The cleaning method proved efficient at

preserving membrane operational capabilities for extended filtration.

The comprehensive membrane fouling analysis across varying operating conditions
revealed complex interactions between pressure, flow rate, and fouling mechanisms.
At 6.0 bar pressure, severe flux decline patterns were observed, ranging from 52% at
600 mL/min to 65% at 200 mL/min, indicating that lower flow rates exacerbate fouling
due to increased particle residence time and enhanced concentration polarization
effects. In contrast, at a low pressure of 2.0 bar, the flux decline was more moderate,
ranging from 23% at 600 mL/min to 42% at 200 mL/min, suggesting that reduced

pressure leads to lower particle deposition rates and more sustainable operation
(Appendix AS5).
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Table 6.2 The fouling rate constant (k") and R’ of different fouling models

Complete Intermediate Standard

Press.  Flowrate Cake layer blocking blocking blocking

(bar) (mL/min) _: o _ o R o R
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

Figure 6.6 shows the experimental data

fit to different models. In addition,

mathematical modeling of fouling mechanisms revealed that the R? for the complete

blocking model was highest across various pressures and feed flow rates, indicating it

as the best-fit model. Table 6.2 represents different models' R-squared (R?) and fouling

rate constant (k’) at various pressures and feed flow rates, with Appendix A4

representing the complete table. This underscores that surface-based fouling

mechanisms predominate under these conditions, a physical effect supported by the

increasing particle drag forces at higher pressure. The fouling rate constant increased

exponentially with pressure, quantitatively confirming the pressure-dependent nature

of fouling mechanisms.
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Figure 6.6 Model fitting graphs for fouling analysis
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6.3.4 Morphological Analysis

The morphological analysis of the membrane samples provides a qualitative indication
of the fouling mechanism. The SEM micrographs revealed a significant transformation
of membrane morphology from a pristine fibrous network to a heavily fouled surface

(Figure 6.7).
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Figure 6.7 SEM micrographs of the HFT-NF 150 membrane (a) before and (b) after

experiments

ImageJ was used to analyze SEM micrographs for morphological parameters,
including size and surface roughness [30]. The quantitative measurements from
Imagel software, shown in Table 6.3, systematically documented this transition. The
original HFT-NF 150 membrane exhibited a discrete, well-defined fiber structure
characterized by smooth, uniformly thin fibers with high circularity and solidity. After
the filtration of beetroot juice for 25 minutes at 6 bar pressure and 200 mL/min flow
rate, the membrane underwent a significant morphological shift, evidenced by a
substantial increase in particle count and a rise in surface area coverage. This indicated
extensive foulant deposition that obscured the original fiber network, thereby
supporting the observed decline in flux over time. The foulant particles showed larger
average sizes, decreased circularity, and reduced solidity, thus quantitatively
corroborating the visible, irregular, and complex aggregates covering the membrane

surface. The measurements revealed an approximately fourfold increase in area
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coverage, with shape parameters showing meaningful decreases that reflected the more

irregular deposit morphology.

Table 6.3 Comparison of the morphological parameters before and after fouling, using

Image] software

Membrane Original membrane Fouled membrane
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

6.4 Conclusion

The study reported the separation efficiency of the UF+NF hybrid system in
concentrating betanin from natural beetroot juice. The influence of different operating
parameters, including operating time, feed flow rate, and pressure, was analyzed for
the HFT-NF 150 membrane. The permeate flux declines over time from 52% to 65%
as the feed flow rate is reduced from 600 mL/min to 200 mL/min at constant pressure,
suggesting greater fouling at lower flow rates. The higher rejection percentages in the
87-94% range for different operating conditions indicate the applicability of NF
membranes for concentrating betanin. The fouling study showed that the complete
blocking model is the best bit model, with an R? ranging from 0.88 to 0.92. Also, the
results showed that the fouling rate constant increases with pressure at constant feed

flow rates. The SEM micrographs of fouled membranes also validated the results.
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CONCLUSION, FUTURE SCOPE, AND SOCIAL IMPACT

7.1 Conclusions

In summary, membrane-based operations for separating natural phenolic compounds
have emerged as a highly efficient, sustainable, and scalable approach across industries
such as food, pharmaceuticals, and nutraceuticals. Techniques such as UF, NF, and RO
have demonstrated significant potential in selectively isolating and concentrating
phenolic compounds from complex natural matrices while preserving their bioactivity
and structural integrity. The versatility of membrane technologies, coupled with their
low energy consumption and minimal use of organic solvents, aligns well with the
growing demand for green and eco-friendly separation processes. As research
continues to optimize membrane materials, configurations, and operational
parameters, these methods are poised to play an increasingly pivotal role in the
extraction and purification of bioactive phenolic compounds, offering a promising
alternative to conventional separation techniques. This research has shown NF’s
efficiency in separating two phenolic compounds: betanin and rutin. The significant
findings of this research work contribute towards overcoming the barriers to the
widespread adoption of membrane filtration as a sustainable solution to concentrate

natural phenolic compounds and are listed below:

% The pure water flux results evaluated the hydraulic permeability of the HFT-
NF 150 membrane as 5.52x10""' m*/m*Pa.s

¢ Rutin and betanin model solutions were successfully concentrated from their
model solutions using the HFT-NF 150 membrane with a maximum rejection

of 98.5% and 99%, respectively.

X/
L X4

The transport parameters for model rutin solutions were successfully optimized
using the calculated L, with values Bm = 2.15%x107 m/s; ¢ = 0.98; a =
1.755%10%; and b = 0.089.
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K/
L X4

X/
°

K/

X/
°

X/
°

X3

X/
L X4

The transport parameters for model betanin solutions were optimized using two
different methods. Method 1 successfully optimized the parameters using the
calculated Ly, yielding Bm = 4.86x 107 m/s; 6 = 0.969; a = 1.536x10%; and b
= 1.061x10"". Method 2 optimized all parameters, including hydraulic
permeability, as Lp = 5.046x 10" m*/m?sPa; Bm = 4.35x107 m/s; 6 = 0.967; a
=1.285x10%; and b=1.355%10".

The effect analysis of different operating conditions showed that high pressure
and high feed flow rate were the optimum conditions for betanin and rutin

solutions to achieve high permeate flux and rejection.

The low water flux decrement was observed after experiments on rutin model

solutions, indicating negligible fouling with a fouling index of 1.99

For betanin model solutions, the maximum permeate flux of 3.14x 107> m*/m?s
was obtained at 600 mL/min and 6 bar, but at a low feed concentration of 0.1

g/L.

For rutin model solutions, the maximum permeate flux of 3.04x 10 m*/m?s
was obtained at 600 mL/min and 6 bar, but at a low feed concentration of 0.020

g/L.

For both model solutions, the variance-based sensitivity showed that hydraulic
permeability and pressure were the most influential parameters for permeate

flux and rejection percentages for betanin and rutin solutions.

The simulation results for the scale-up studies showed that the filtration time
decreased from 5.10 to 0.84 hours for concentrating betanin from 100 to 50,000
mg/L as the pressure increased from 2 to 6 bar at a fixed flow rate of 600

mL/min.

For rutin model solutions, the filtration time decreased from 5.01 to 0.84 hours
to concentrate rutin from 100 to 50,000 mg/L as the pressure is increased from

2 to 6 bar at a fixed feed flow rate of 600 mL/min.

Low time requirement for concentrating compounds shows the feasibility of

the NF process for commercial applications.
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R/

¢ A hybrid system was successfully employed to concentrate betanin from

beetroot juice with a maximum rejection of 94%.

¢ For the experiments on beetroot juice, the permeate flux declined with time
from 52% to 65% by lowering the feed flow rate from 600 mL/min to 200

mL/min at a constant pressure, suggesting higher fouling at low feed flow rates.

X/
°e

For beetroot juice experiments, the fouling analysis showed that the complete
blocking model was the best fit compared to other fouling models, with

maximum R? values in the range of 0.88 to 0.92.
7.2 Future Scope

This research has laid down several vital avenues in the domain of membrane

operations for separating and concentrating natural phenolic compounds.

% Development of hybrid processes: Building on the foundations established in
this research, future investigations can move beyond incremental
improvements toward transformative innovations in membrane-based
separation of natural phenolic compounds. Future research should focus on
developing hybrid processes that combine membrane technologies with
conventional separation methods (such as integrating UF with adsorption or
coupling NF with enzymatic treatments) or various membrane processes (such
as integrating UF with NF). These have the potential to significantly improve
separation efficiency while minimizing energy requirements and reducing

solvent consumption.

X3

%

Process optimization: Equally promising is the convergence of digital
intelligence with membrane engineering. The integration of computational
fluid dynamics (CFD) with machine learning (ML) algorithms and artificial
intelligence (AI) tools offers a pathway toward self-optimizing membrane
systems capable of dynamically adjusting operating conditions in real time to
maximize phenolic recovery, preserve molecular integrity, and minimize
fouling. Such data-driven frameworks could underpin the development of

“smart” membrane operations for complex botanical feeds.
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7/

¢ Advanced membrane development: The rational design of advanced
functional membranes represents another frontier. Future work may focus on
stimuli-responsive membranes that modulate permeability in response to pH,
temperature, or ionic strength, affinity membranes endowed with molecular
recognition ligands for target phenolics, and nanocomposite membranes
engineered at the molecular level for superior selectivity, permeability, and
antifouling performance. These materials could redefine the precision and

efficiency of bioactive compound separations.

X3

%

Scale-up and economic analysis: Finally, translating laboratory
breakthroughs into real-world impact will require a paradigm shift in scale-up
philosophy and techno-economic integration. Future research should prioritize
pilot-scale validation, digital twins for process scale-up, comprehensive life
cycle and carbon footprint analyses, and robust techno-economic modeling to
guide industrial deployment. Such efforts will be pivotal in demonstrating the
long-term sustainability, economic competitiveness, and commercial readiness
of membrane-based platforms for the nutraceutical, pharmaceutical, and food

industries.
7.3 Social Impact

The social implications of this research extend across multiple dimensions of
sustainable development and public welfare. This research opens the door to the
separation of natural phenolic compounds, increasing access to purified natural
phenolic compounds for medicinal applications, resulting in the development of more
effective natural antioxidant supplements and, subsequently, better quality natural
ingredients for functional foods and nutraceuticals. Also, the research shows enhanced
membrane filtration efficiency for concentrating phenolic compounds, with reduced
use of organic solvents, lower energy consumption compared to traditional separation
methods, and minimized waste generation, contributing to environmental

sustainability.
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Appendix A1 Data for Bm, g, a, and b estimation

P Q C Qp ex Q, the Error Cpex Cp the Error
x10° (L/lfl) (mg/fL) (;/h)p (Ili/h) " Q (nl:g/If)) (nfg/L) i Cp
(Pa) (%) (%)
20 120 200 0.28 031 -11.91 060 062  -2.74
20 180 200 0.30 031  -440 060 062  -2.73
20 240 200 0.31 031  -L12 060 062  -2.73
20 300 200 0.32 031 207 050 062 -2327
20 360 200 0.36 031 1268 040  0.62  -54.08
20 120 400 0.26 031 2039 150 123 17.79
20 180 400 0.28 031  -11.87 140 123 11.93
20 240 400 0.28 031 -11.87 110 123 -12.09
20 300 400 0.30 031  -436  1.00 123 -23.29
20 360 400 0.34 031 810 090 123  -36.99
20 120 600 0.25 031  -25.19  2.50 1.85  26.00
20 180  60.0 0.26 031  -2034  2.40 185  22.92
20 240 600 0.27 031  -1601  1.60 185 -15.62
20 300 600 0.28 031 -11.83 150 185  -23.32
20 360 600 0.32 031 214 140 185 -32.12
20 120 800 0.25 031  -25.14 420 247 4126
20 180  80.0 0.26 031  -2029 380 247  35.08
20 240 800 0.26 031  -2029  3.60 247 3147
20 300 800 0.27 031  -1596 330 247 2525
20 360 800 0.31 031  -1.00 330 247 2525
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Fixed average parameter: L, = 5.52x 10™"! m*/m’sPa.

Predicted average parameters: B, =2.15x107 m/s, 0 = 0.98, a=1.755x 10, b = 0.0809;

Appendix A2 Data for parameter estimation of Bm, g, a, and b (Method 1)

P Qs Ct Jyv exp Jythe  Error R% R% Error
(MPa) (x10° (kg/m®) (x10° (x10° inJ, exp the in
m?/s) m/s) m/s) (%) R (%)
0.2 33 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 33 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 33 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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0.6 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 33 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

Fixed parameter: L, = 5.52x 10 kg/m?sPa.

Predicted parameters: B, = 4.86x 107 m/s; 0 = 0.969; a=1.54x107;b=1.067x10"

Appendix A3 Data for parameter estimation of Ly, Bm, g, a, and b (Method 2)
P Qs Cst Jyv exp Jythe  Error R% R% Error

(MPa) (x10° (kg/m®) (x10° (x10° inJ, exp the in
m?/s) m/s) m/s) (%) R (%)

0.2 33 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 33 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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0.6 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 33 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 33 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 33 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

Predicted parameters: L, = 5.046x10™® kg/m’sPa. B, = 4.35x107 m/s; o = 0.967; a =
1.285%10%; b =1.355x10"

Appendix A4 The fouling rate constant (k) and R? of different fouling models

Flowrate Complete Intermediate Standard
Press. Cake layer

(mL blocking blocking blocking
(bar)

/min) Kk’ R? Kk’ R? Kk’ R? Kk’ R?
6 600 0.083 0.764 0.027 0.890 0.033 0.830 0.015 0.861
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500 0.095 0.744 0.030 0.885 0.038 0.818 0.017 0.853

400 0.108 0.728 0.032 0.881 0.042 0.807 0.018 0.846

300 0.120 0.712 0.035 0.877 0.046 0.798 0.020 0.839

200 0.134 0.696 0.038 0.872 0.051 0.786 0.022 0.831

600 0.064 0.795 0.022 0.898 0.027 0.850 0.012 0.875

500 0.075 0.779 0.025 0.894 0.031 0.840 0.014 0.869

400 0.087 0.758 0.028 0.889 0.035 0.827 0.016 0.859

300 0.098 0.741 0.030 0.884 0.039 0.816 0.017 0.852

200 0.111 0.724 0.033 0.880 0.043 0.805 0.019 0.844

600 0.049 0.822 0.018 0904 0.021 0.866 0.010 0.886

500 0.058 0.805 0.020 0.900 0.024 0.856 0.011 0.879

400 0.070 0.785 0.024 0.895 0.029 0.844 0.013 0.871

300 0.083 0.765 0.027 0.890 0.033 0.831 0.015 0.862

200 0.096 0.743 0.030 0.885 0.038 0.817 0.017 0.852

600 0.034 0.849 0.013 0910 0.015 0.881 0.007 0.896

500 0.041 0.834 0.016 0.905 0.018 0.872 0.008 0.889

400 0.05s1 0.815 0.019 0.902 0.022 0.861 0.010 0.883

300 0.064 0.792 0.022 0.897 0.027 0.847 0.012 0.873

200 0.077 0.766 0.025 0.890 0.032 0.831 0.014 0.861

600 0.023 0.869 0.010 0.912 0.010 0.892 0.005 0.902

500 0.028 0.860 0.011 0.911 0.012 0.887 0.006 0.899

400 0.035 0.849 0.014 0910 0.016 0.882 0.007 0.896

300 0.046 0.831 0.017 0906 0.020 0.871 0.010 0.890

200 0.056 0.812 0.020 0.903 0.024 0.861 0.011 0.883

600 0.083 0.764 0.027 0.890 0.033 0.830 0.015 0.861
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Appendix AS Model fitting graphs for fouling analysis
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Email: manishjain@dtu.ac.in and concentration of natural polyphenols. The separation characteristics and their pro-

Pressure-driven membrane processes represent a credible method for the separation

. ) ductivity depend on several factors such as molecular weight cut-off, operating condi-
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IRD, Delhi Technological University, tions, and test cell parameters. In this study, a compact polyamide HFT-NF150
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505 nanofiltration membrane has been tested to separate different model solutions of rutin,

and the effects of operating conditions like trans-membrane pressure, feed concentra-
tion, and feed flow rates were analyzed. All the findings of the experiment revealed
that the maximum permeate flux of 3.04 x 10> m*/m?s and 98.5% rejection were
obtained at a high feed flow rate of 36 L/h and a high pressure of 6 x 10° Pa. Also, the
Spiegler-Kedem model is used to report the mass transport phenomenon across the
membrane. The unconstrained minimization technique based on the simplex search
method was applied for the estimation of the unknown parameters. The theoretical
and experimental values for permeate characteristics were then compared for each
experimental data point for the model validation. Later, a mathematical model was used
to check the scale-up viability of the process to the commercial limit.

Practical applications

In the past few years, naturally occurring bioactive compounds have revolutionized
the whole scientific community for their exploration. Rutin is one such phenolic com-
pound that is present in significant amounts in buckwheat and has a wide range of
applications in the food and pharmaceutical industries. In this work, an energy-
efficient and cleaner method of nanofiltration is applied to concentrate the rutin from
the model plant extract. Experiments were performed on a polyamide nanofiltration
membrane with a molecular weight cut-off of 150 Da at different operating condi-
tions. Experimental results were fitted in a three-parameter Spiegler-Kedem model
to determine the transport parameters of the membrane for rutin. The values of
transport parameters were also successfully validated using the experimental results.
Experimental results and model predictions were then used to analyze the effects of
different operating parameters. A scale-up setup has been designed and simulated to
check the feasibility of the process at the commercial level.

J Food Process Eng. 2024;47:¢14592. wileyonlinelibrary.com/journal/jfpe © 2024 Wiley Periodicals LLC. I 10of 17
https://doi.org/10.1111/jfpe.14592

153



Research Publications

0O

Research Article by
T

Received: 24 February 2024 Revised: 31 May 2024 Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/jctb.7698

Concentration of betanin from model beetroot
extracts by using nanofiltration: parameter
estimation and sensitivity analysis

Ashwani Kumar Tiwari and Manish Jain"

Abstract

BACKGROUND: Nowadays, research focusing on natural compounds is getting more importance across the globe. Recently, nat-
ural bioactive compounds have gained the attention of researchers as a consequence of their exemplary physicochemical prop-
erties and exceptional utility in the food and pharma industries. However, separating and concentrating these bioactive
compounds from their origin sources still poses a considerable challenge to their profitable commercial usage. The current
study focuses on the application of a facile nanofiltration method for recovering betanin from model beetroot extract solutions
using a polyamide nanofiltration membrane. Furthermore, the three-parameter Spiegler-Kedem model was used to determine
the transport parameters of the membrane and theoretically predict the performance of the membrane. Additionally, variance-
based sensitivity analysis methods were deployed to study the sensitivity of different operating and membrane transport
parameters,

RESULT: The results indicate that the membrane exhibited the highest rejection of 99% and permeate flux of
3.14 10~° m®* m™?s™" at 0.6 MPa pressure and 600 mL min~" flow rate. The data obtained through the Spiegler-Kedem model
were coherent with the experimental observations. Simulations on sensitivity analysis revealed that specific hydraulic perme-
ability and cross-membrane pressure majorly influence permeate flux and rejection.

CONCLUSION: This study showed that nanofiltration with 150 Da cut-off membranes effectively concentrated betanin with 99%
rejection. Higher cross-membrane pressure and higher feed flow rates were preferable operating conditions for higher rejec-
tions. Variance-based sensitivity analysis showed that cross-membrane pressure and hydraulic permeability are the most influ-
ential parameters affecting permeate flux and rejection.

© 2024 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.

Keywords: Betanin; nanofiltration; phenolic compound; NF process modeling; sensitivity analysis
- _______________________________________________________________]

INTRODUCTION is liquid-liquid extraction followed by evaporation or crystalliza-
Phenolic compounds are one of the most abundant subsidiary tion. Liquid-liquid extraction requires organic solvents such as
metabolites in plants and are identified by single or more aro- chlor?gc';:m, n-hexane, ethanol, propanol, ethyl acetate, and ace-
matic rings that contain single or multiple hydroxyl groups.®  tone.™ These solvent-based processes are very costly, and the
These compounds offer many human-health-related functional ~ Phenolic extracts may contain residual s:olvents, making them
benefits. Phenolics exhibit physiological benefits such as anti-  unfitor undgsnrable for food appllcatlon§..

aging, anti-infective, anti-inflammatory and antiproliferative ~ Nanofiltration (NF) seems to be a promising technology for con-
properties.*” Betanin is one such phenolic compound. It is a centrating phenolic compounds owing to certain benefits, such as
water-soluble vacuolar chromo-alkaloid found in Beta vulgaris L, N involvement of phase transition, low energy consumption, no
also known as beetroot and chukandar.® Betanin finds applica- ~ Use of organic solvents and low waste disposal. Moreover, other
tions in various industries, including the food industry as a color-  biological molecules such as sugars and proteins can be easily
ant and the pharmaceutical industry as an active ingredient in ~ separated from phenolic solutions, and concentration and purifi-
medicines. It is also used for coloring meat substitutes, gelatine, ~ €ation steps can be combined in one step, reducing operational
desserts, sausages and dairy products. costs and time. Membrane-based processes can run continuously

The recovery of phenolic bioactive compounds such as betanin

from their natural sources is tedious owing to the high enzyme

activity in most foods and plants. Therefore, the choice of extrac- IC 45 dence to: M Jain, Dep fJfAPP’ifld Chem:"_)ﬂ Delhi Techno-
tion method must be made with the greatest caution to prevent logical University, New Delhi 110042, India. E-mail: manishjain@dtu.ac.in

" 9
the chemical change of the target molecules.” The standard Department of Applied Chemistry, Delhi Technological University, New Delhi,
method for separating and concentrating phenolic compounds India

i |
J Chem Technol Biotechnol 2024 WWW.50Ci.0rg © 2024 Society of Chemical Industry (SCI).
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ABSTRACT

The workf’s ever-Increasing popubiiion has expanded the need (o siody susiainable techmologies for green synthests. Scientists
and resszarchers have fooused on exploring natural bicacttves in the food and pharmaceutical industries tn the kst few years.
Eetanin I a naturally nccurring bimctive compound with exceptional antoxidint properties found in bestrools in significant
ammmis. However, due ot emdronmendad senstivily, the extraction and concentration of this compound fmm beetroot julce &
difficult. This study invesiigaies a ceanes, more energy-elficient hybrid system combining olirafifiration (U Fand nanofiliraison
[NF) in conceniraie betanin while preszrving iis stability and bloacttvity. UF was employed 25 2 pre-reabment step b remove
high-molerular-weight impurities, while the NF siepenabled selecive concenitration of betanin. The hybrid prooess signdficanily
improved betanin retenidon, with an ohserved peroeniage rejection in the E79-54% mnge. Additional by, a maxdmum o dedine
of 5% was oberrved at high pressure and low A mies, indicating uling. The fouling mechanism analyds showed that the
complete hlccking meded 15 the best-ftl model for experimental values. These findings contribute io the development of eco-
frfendly and cost-sffective membrane-hasad techniques for the recovery of natwral compounds.,

1 | Intreducton

Matural foods and toactives have been part of the baman diet
for apges (Alsahar e al. 7020}, Howewer, over the las fow de-
cades, the demand for natuml food colors and bioactives has
grown significantly as people have shrem an Increasing in-
ierest In healthier opisons over artificial addittes {Trishstman
el al. 2023} Resmrch shows that natural ingredients [rom
plantz make food mere appeating and offer hmlth benefits,
such as fighting aging, tniectons, inflmmatim, and abner-
mal ol grosth {Delgadn argas etal 3000; Vinson et al_ 2001;
Hitfanovd el al. 2006} Phenolics are a highly prevalent sec-
ondary metabolile in planis, coniributing to their health and

sensory quatities. These compounds, idenidfied by their unique
armabic rings with hydrony| groups, boast over 8000 known
varicties In many vegelables and frusts (5hi et al. 2005; Pandey
and Rizvl 2009; Tiwarl and Jain 20Z4a). Fhenolic compounds
come [n diverse forms, induding Mavomolds, lanmins (both con.
densed and strasghtforwand). phenolic acids, stilbenes, lignans,
ooumarins, and lignins. Fach of these has fis functions in plants,

providing defense and contributing o the plants Maver, color,
and even coldative stabilily.

liegarding huwman health, these compoumds are genuiney re.
markahle. These compounds exhibll romerous health benefils

in bumans, primarily due io their antioddant properties. They

2005 Wikey Merladiala LLL

Jaurna of Mo Proce fingiss—ing, 25, ST
MFIHLEHM 1L METE

1ol 10
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Modeling and experimental investigation of factors responsible for e
maximizing the betanin concentration by spiral-wound FO module using
NayS0,-based draw solution

Ketan Mahawer *, Ashwani Kumar Tiwari”, Abeer Mutto®, Manish Jain >

* Department of Chemical Engineering, Indian Institute of Technology Delhi, New Delhi 110016, India
® Department of Applied Chemistry, Delhi Technalogical University, Delhi 110042, India

ARTICLEINFO

ABSTRACT

Keywords:

Forward osmosis

Process modeling

Betanin

Parameter estimation
Specific energy consumption

The conventional process for concentrating betanin from beetroot juice is expensive due to the requirement of
solvents and high energy consumption. However, concentrating betanin using a forward osmosis (FO) process
offers a cost-effective alternative without phase change. This modeling and experimental study investigated the
most significant factors responsible for enriching the feed side betanin concentration by the PO process using a
Na,50,-based draw solution. The module-scale FO transport model parameters were estimated and validated by
performing the lab-scale experiments. Furthermore, the FO model is simulated to explore the influence of the
process operating variables, draw solution temperature, and the active membrane area to maximize the betanin
concentration in the outlet process stream. The results show that the inlet draw flow rate significantly enhances
the betanin concentration in the outlet feed stream. Furthermore, simulations investigate the FO membrane
parameter (solvent permeability) and its influence on enriching the feed side betanin concentration inside the
feed stream. The simulated results show that maintaining the same operating conditions, an increase in water
permeability (1.22 x1 07" to 5.5 %10 "'m/Pa.s) concentrates 66.6 % betanin inside the feed stream more
compared to the mlet draw flow rate at 25 L/h. In contrast, variations in solute permeability have a negligible
impact on the increase in betanin concentration. Finally, the study concludes that the water permeability and
inlet draw flow rate were the most significant factors responsible for enriching the feed side betanin or any other

organic compound using FO membrane.

1. Introduction

The non-toxicity and health benefits associated with natural pig-
ments and bioactive additives, compared to synthetic colors, have led to
a massive resurgence in their use in recent times. Natural color pigments
are also rich in polyphenols, which are known to reduce the risks of
cardiovascular ailments, cancer, and several other health conditions
(Vinson et al, 2001). Subsequently, consumer demand for minimally
processed and high-quality nutritional food has also established an
extensive market for these pigments. Exhaustive literature can be found
on the extraction of such pigments from various natural and plant-based
sources, including fruit juices, vegetables, teas, and coffees (Alara et al,,
2021). However, even though these compounds can be found in several
plant materials, their yield and purity largely depend on the extraction
and concentration method.

* Corresponding author.
E-mail address: manishjain@dtu.ac.in (M. Jain).

https://dol.org/10.1016/].tbp.2025.05.001

Among these, the betanin compound, found in significant quantities
in beetroot juice, is widely utilized as the primary source of red color. It
has numerous applications in food industries, such as additives to gel-
atins, baked food desserts, confectionaries, dairy products, jellybeans,
and fruit beer-like beverages. While various artificial colors and bioac-
tive compounds similar to the original beetroot color are also available
in markets, betanin stands out as a cheaper alternative. In addition,
these synthetic colors, though widely used in edible juices due to the
inereasing industrial demand, are also extremely detrimental to juice
quality and human health. In contrast, betanin extracted from beetroot
has higher sugar strength, gives high nutritional value to the juice, and
can be produced at a low cost, thereby having the potential to supplant
synthetic food colorants. However, the quality and stability of betanins
when extracted from natural juices/organic solutions are strongly
influenced by factors such as pH value, oxygen, and sugar content of the

Received 13 February 2025; Received in revised form 27 April 2025; Accepted 5 May 2025

Available online 6 May 2025

0960-3085/© 2025 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.
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ABSTRACT

The escalating global water crisk, driven by popubiion growth, dimaie change, and tnoreasdng industrial demands, has post-
ened waler scarcity as one of the most pressing challenges of the 21 centary, Wit freshwier resources becoming Increasingly
[imiied and unevenly disiribuied, desalination technologles have emerped as critical solutions (o meet growing water demands.
Among varions dealination approaches, foreand osmosgs (FO) has gamered signdficant atiention as 2 promising kow Duling
technology that offers distinct advantages over comventional methods. This critical review provides a comprebenstve analysis
of FO¥s evolution, challenges, mechanisms, and prospects. 1 offers an in-depth examination of some dgnificant fierature re-
views since 2009 i ddentdfy cusrent research gaps in FO dealination and advance the field. The review svaluales daw apents
and membrane properties, imvestigates FO's energy efficiency compared with other technigues, and envirmmentad impacts. A
three-phase rmdmap s proposed fmvobving oollaborattve inirgration of key stakeholders, scaling up for remoie applimiions, and
development of auionomons artificial iniel Bpence nebworks for adaptive ireiment responses.

1 | Introdoction
L1 | Global Water Scarcity

Freshwaier scardty & 2 global issoe reacerhaied by popolation
growth and cimatz change (ury and Vaux 2005, Vshe 2021),
Watzr scarcity eccurs whn [reshwater demand excends supply
(Mekommen and Hoeksir 2006). Indiy, now the workd's most
populous nation, is projecied to face o waler o by 2050 This
s due in variows facions, Including population growih, indusir.
altzztion, urkanlzation, poor waler management, pollution, and
climalr chamge {Lanoet 123 Mahaio et al. 2022). In 2025, over
1. hillion people will face severe water shorlages, particulardy
in Southeas! Asla and Africa (Kim 2020). The laiest global levels
of wailer siress ms given by the LN Waler ST & Data Portal are

shirm in Figre 51 Desple India’s projecied improvement by
M, it vast coaslline provides an opportundy for innovatie
solutions ke desalination (Manju and Sagar 2007 Aooes bn
clean waler is vilal In prevent waterhome diseases, a5 demon.
siratedd by the 2023 cheler outhreak in Zimbabwe (Pal o al_
200%; Olalunl ¢ al 20241

12 | Pressure-Driven Membrne Separation
Processes

Addressing global freshwaler scarcily requines a comprehen.
shve sirulegy thal preserees waber, improves govermance, and
develops novel izchnologies o tap Inio nonimdional waler

sounces {Mabhan et al. 2073} Membrane sepantion processes

£ 203 Wale B ronement Fadeiion,

Wil Rreimemaed Bamsech, N1 9727051
Biipeode Lo 10100 1 e 20000
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