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Abstract

Abstract
Industrial inulin extraction requires high temperature and long duration to ensure inulin
productivity. In addition complex steps are necessary to purify extracted chicory juice and to
obtain inulin with desirable purity. In order to avoid the extracting of inulin at high
temperature, to obtain chicory juice with better quality and to purify chicory juice with more
simple operation, pulsed electric fields (PEF) and membrane filtration were applied to this
study:
PEF was used to intensify inulin extraction from chicory roots. By pre-treatment of
chicory slices at 600 V/cm, diffusion temperature at pilot scale can be decreased to 60oC from
about 80oC (industrial extraction condition) to obtain comparable juice inulin concentration.
Moreover, this moderate temperature diffusion brought out interesting energy savings
compared to that of conventional diffusion. For the goal of extracting inulin at “cold”
condition (for example 30oC) PEF induced combined electroporation/ohmic heating
pretreatment was applied for chicory tissue denaturation. Better solute extraction was
observed after effective damage of chicory tissue diffusivity.
Juice extracted from PEF assisted diffusion (PEF juice) was confirmed had higher inulin
purity and less impurity in comparison to juice from conventional thermal diffusion process.
The juice was purified by membrane filtration in order to investigate a simple chicory juice
purification method. Since it contains less impurity, dead-end filtration performance of PEF
juice was significantly improved, with less membrane fouling and higher inulin purity in
filtrate. However, permeate flux of membrane filtration was seriously restricted by the
membrane fouling. In order to improve filtration flux, rotating disk module was introduced in
this study for clarification and purification of chicory juice. Elevated shear rate of rotating
disk (1500–2000 rpm) could effectively control or even eliminate membrane fouling and lead
to satisfying carbohydrate transmission (98%) and desirable permeate flux even at high
volume reduction ratio (10). In view of energy saving, optimization of RDM assisted chicory
juice filtration was carried out and yielded optimal operation conditions to maximize average
flux and minimize specific energy consumption.
Key words： Inulin; Chicory; Extraction; Pulsed electric fields; Filtration; Rotating disk

Résumé

Résumé
Le procédé industriel d’extraction d'inuline consiste en une diffusion de longue durée et à
température élevée. Ce procédé induit l’extraction des sucres mais également des impuretés.
Les étapes de purification de jus deviennent alors plus complexes. Pour pallier à ces
problèmes, il est essentiel de réduire la température de diffusion pour limiter l’extraction des
impuretés. Récemment, la technique de champs électriques pulsés (CEP) a démonté ses
avantages dans le domaine sucrier et également dans d’autres applications agro-alimentaires.
L’objectif de ce travail de thèse est de d’optimiser et valider la faisabilité de cette techniques
dans le cas de la chicorée. Une purification par filtration dynamique est envisagée et proposée
pour remplacer la purification classique.
Les résultats de l’extraction montrent qu’il est possible d’intensifier l’extraction de
l’inuline par application de CEP. Le prétraitement des cossettes de chicorées à 600 V/cm et 50
ms, réduit de 20°C la température de diffusion (60°C au lieu de 80°C actuellement). Une
économie d’énergie importante est réalisée (gain 90 kJ/kg chicory juice). La combinaison
innovante d’un prétraitement électrique et un traitement thermique (chauffage ohmique)
provoque une perméabilisation importante des cellules et permet de réaliser des diffusions « à
froid ». Les analyses qualitatives de jus de diffusion classique et jus CEP montrent que la
pureté des extraits CEP est plus élevée (87.2% vs 86.7%). Les essais de filtration sur
membrane montrent que les performances de la filtration (pureté, flux, colmatage,…)
dépendent énormément de l’origine de l’extrait. Le jus CEP contient moins d’impureté que le
jus thermique, est donc plus facile à filtré. Cependant, col matage de membrane restent dans
les deux cas important. Un module de filtration dynamique avec disque rotatif a été utilisé
pour améliorer les performances de la filtration. Ce module a permit de réduire le colmatage
des membranes, améliorer la pureté des extraits et atteindre des facteurs de réduction
volumique important (10).
Mots-clés: Chicorée; Inuline; Extraction ; Purification/Filtration ; Champs électriques pulsés;
Disque rotatif
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Nomenclature and abbreviations

Nomenclature and abbreviations
△t

pulse repetition time (s)

△tt

pause between individual trains (s)

A

effective membrane area (m2)

B

normalized soluble matter content

C

concentration

D

diffusion coefficient (m2/s)

E

electric field strengths (V cm-1)

I

electrical current (A)

K( k)

exponential fouling coefficient (m-1)

L

length (m)

M

mass (kg)

n

number of pulses in train

N

number of trains

ω

disk angular velocity (rad/s)

Pc

Measured peripheral pressure (Pa)

Ptm

Trans-membrane pressure (Pa)

Q

specific energy (kJ kg-1)

R

housing inner diameter (m)

Rm

membrane resistance (m-1)

Rtot

total filtration resistance (m-1)

T

temperature (°C)

t

time (s)

td

total time of diffusion (min)

ti

pulse duration (µs)

tPEF

electrical treatment time (ms)

U

voltage (V)

V

volume (m3)
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Nomenclature and abbreviations
v

velocity (m s-1)

Wτ

activation energy (kJ mol-1)

Z

electrical conductivity disintegration index

μ

viscosity (pa.s)

σ

electrical conductivity (S/m)

Subscript
0

initial

av

average

D

diffusion

e

electricity

f

final

i

initial

p

permeate

r

retantate

s

saving

t

time (min)

T

thermal

Abbreviations
DM

dry mass

PEF

pulsed electric field

RDM

rotating disk module

TMP

trans-membrane pressure (Pa)

VRR

volume reduction ratio
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General Introduction
Inulin is a soluble fibre industrially obtained from chicory roots. It is a fructan which is
important in food and health field, and is widely used as a functional food ingredient.
Conventionally, inulin is extracted from sliced chicory roots by hot water at 70–80oC in
continuous countercurrent extractors with an extracting time of 1.5–2 h. Because of the high
temperature and long duration, extraction of inulin requires large energy consumption. Also
thermal induced cell wall disruption of chicory tissue results in more impurities in extracted
juice, leading to more complex purification steps. Pulsed electric fields (PEF) is a
pre-treatment technology which can effectively permeabilize plant tissue cell membranes
without denaturing cell walls. It is widely used for molecular extraction with lower energy
and higher purity. Membrane filtration is a “clean” technology for separation and purification,
it can realize the goal of purification without addition of chemical substances, and the
productivity of membrane filtration is easy to enlarge. The objective of this thesis study is to
develop an alternative process for inulin extraction and purification with application of PEF
pre-treatment and membrane filtration in order to extract inulin at lower temperature and
purify extracted chicory juice with simple steps and better performance.
This thesis consists of four chapters. The first part of Chapter I (literature review)
introduces the chemical and physical properties of inulin and its applications, especially in
food area. Inulin production in industrial field is detailed and the potential possibilities to be
improved are pointed out. Alternative inulin extraction techniques, focusing on pulsed electric
fields, are summarized and compared. The second part of Chapter I introduces the general
information of filtration technology, different filtration model and characteristic of membrane
fouling and the fouling control technologies.
Chapter II describes materials and methods used in this study.
Chapter III represents the results of two papers devoted to intensification of inulin
extraction by pre-treatment.
Paper I is devoted to the pilot scale extraction of inulin from chicory roots assisted by
PEF pre-treatment. Feasibility of PEF pre-treatment in terms of inulin extraction velocity,
inulin concentration, purity in extracted juice and energy saving was evidenced. Influence of
1

General introduction
extraction temperature and PEF treatment time were also studied in this paper.
Paper II proposed a combination of electroporation and ohmic heating, induced by PEF
treatment, as a pre-treament of chicory tissue. Damage of chicory tissue by combined
electroporation and ohmic heating is studied for better solute extraction. Different electrical
intensity was applied for PEF treatment. Solute diffusivity was calculated and used to
estimate the efficiency of different PEF treatment for extraction promotion.
Chapter IV is devoted to the purification and clarification of extracted chicory juice by
membrane filtration. This chapter is based on the results of three papers.
Paper III confirms the better quality of chicory juice extracted from PEF pre-treated
chicory tissue. Ultrafiltraion with membranes of different pore sizes was applied to purify
chicory juice. The ultrafiltration behavior of the untreated and PEF treated chicory juice was
also studied in the dead-end filter cell to investigate the effect of chicory juice quality on
filtration performance.
Paper IV reports the clarification of chicory juice with rotating disk module (RDM).
Micro- and ultrafiltration membranes were used for RDM assisted filtration. Comparison of
normal stirring filtration module (Amicon) and RDM in terms of permeate flux and product
quality was made. The aim of this paper is to obtain high permeate flux at high volume
reduction ratio (VRR) during chicory juice clarification.
Paper V is focused on investigating optimal filtration condition to obtain maximal
average permeate flux and minimum specific energy consumption during RDM assisted
dead-end filtration.
Chapter V summarizes conclusions of the discussed papers and presents some
suggestions for further work.

2
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I.1 Inulin
I.1.1 introduction
Inulin is a kind of fructan which exists in many plants such as leek, onion, garlic, wheat,
chicory, artichoke and banana. Normally, pure inulin is a white powder, and is widely used as
a functional food ingredient.
The use of inulin by humans can be dated from the first century, when a physician in the
Roman army named Pedanios Dioscoride (Leroux, 1996) praised the chicory plant for its
beneficial effects on the stomach, liver, and kidneys. Inulin was first isolated by a German
scientist, Rose, as a “peculiar substance of plant origin” from boiling water extract of Inula
helenium in 1804. Then this substance was named inulin by Thomson in 1818 (Frand and De
Leenheer, 2005).
Inulin is not a single molecule but a mixture of oligosaccharide and polysaccharides
composed of fructose units (linked by a link→1)
(2

-β-D-fructosyl-fructose) and a terminal

glucose unit (linked to the chain of fructose units with a bond α-D-glucopyranosyl) (Fig.I.1)
(Lopez-Molina et al, 2005). As shown in Figure I.1, both GFn and Fn compounds are inulin,
where n is the degree of polymerization (DP) or the number of β-D-fructofuranose unit, G and
F represent relatively glucose and fructose. The physical chemical property and application of
inulin varies with its DP.

Figure I.1 Chemical structure of inulin, (a) GFn, (b) Fn.
3
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I.1.2 Inulin properties
According to its DP, inulin’s physico-chemical properties vary a lot, as seen in Table I.1.
Standard chicory inulin has the DP varying from 2 to >60, with an average of about 12.
Long-chain inulin, from which the lower-DP fraction has been physically removed, has an
average DP of ~25.
Table I.1. Physic-chemical properties of inulin (Franck, 2006)
Standard

Long-chain

inulin

inulin

Chemical structure

GFn (2-60)

GFn (10-60)

Average degree of polymerization

12

25

Dry matter (d.m.) [%]

> 95

> 95

Inulin content [% d.m.]

92

99.5

Sugar content [% d.m.]

8

0.5

pH [10% w/w]

5–7

5–7

Sulfated ash [% d.m.]

<0.2

<0.2

Heavy metals [ppm d.m.]

<0.2

<0.2

Appearance

White powder

White powder

Taste

Neutral

Neutral

Sweetness [versus sucrose=100%]

10

None

Solubility in water at 25°C [g/L]

120

10

Viscosity in water (5%) at 10°C [mPa.s]

1.6

2.4

Fat replacement
Body and mouthfeel
Texture improvement

Functionality in food

Foam stabilization
Emulsion stabilization
Synergy with gelling agents

F = fructosyl unit; G = glucosyl unit; d.m. = dry matter.

Standard chicory inulin is slightly sweet (with a sweetness equivalents to 10% of sugar),
4
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whereas long-chain inulin is not sweet at all (Franck, 1993). Since the taste of inulin is neutral,
without any off-flavor or after-taste, inulin can be used to combination with other ingredients,
for example milk, without modifying delicate dairy (milk) flavors, and can even suitably
enhance fruit aromas.
Inulin is moderately soluble in water (maximum 10% at room temperature), and the use of
warm water (50–100°C) is suggested to prepare a solution of inulin. The viscosity of inulin
solutions is rather low, for example 1.65 mPa.s at 10°C for a 5% dry matter (d.m.) solution,
and 100 mPa.s for a 30% d.m. solution (De Leenheer, 1996). Inulin has small effect on the
freezing and boiling point of water (for example, 15% inulin decreases only the freezing point
by 0.5°C).
In very acid conditions, inulin can be partially hydrolyzed. Fructose is formed in this
process, which is more pronounced at low pH, high temperature and low dry matter
conditions. Inulin is stable in applications with a pH higher than 4. Even at lower pH values,
the hydrolysis of inulin can be limited to less than 10% if the inulin containing products have
a high dry substance content (>70%), at a low temperature (<10°C) (Frank, 2005).
At high concentration (>25% in water for standard inulin and >15% for long-chain inulin),
inulin has gelling properties and forms a particle gel network after shearing. As patented by
ORAFTI, when the fructan is thoroughly mixed with water or another aqueous liquid, using a
shearing device such as a rotor-stator mixer or a homogenizer, a white creamy structure
substance can easily be incorporated in food to replace fat (up to 100%) (Franck, 1993).
Long-chain inulin shows about twice the functionality compared with standard chicory inulin.
Inulin also improves the stability of foams and emulsions, such as aerated dairy desserts,
ice creams, table spreads and sauces. It can therefore replace other stabilizers in different food
products.
I.1.3 Inulin applications
Based on its above stated properties, inulin is nowadays becoming more and more
important in both food industrial area and other non-food domains.

5
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I.1.3.1 Food applications
As shown in table I.2 (Franck and De Leenheer, 2005), due to its specific functions inulin
is now widely used in food products. It is used as a fiber ingredient to improve taste and
texture, as fat replacer in dairy industry to produce low-fat dairy products, and as sugar
replacer in chocolate to reduce sugar content (as presented in table I.2).
The application of inulin depends mainly on its different physico-chemical properties
corresponding to its various DP. The short-chain fraction, oligofructose, is much more soluble
and sweeter than long-chain inulin, and can be used to improve taste, because its properties
are closely related to those of other sugars. Long-chain inulin is less soluble and more viscous
(Wada et al., 2005), and can be applied as textureﬁer
modi
(Coussement, 1999). Other
physico-chemical properties that are inﬂuenced by DP include the glass transition temperature
(Schaller-Povolny et al., 2000), the melting (Blecker et al., 2003), and the capability for gel
formation and the subsequent gel strength (Bot et al., 2004) and the interaction with other
food components such as starch or hydrocolloids. These properties are also relevant for the
technical applications of inulin especially for its use to modify and improve texture.
Table I.2 Food applications of inulin (Frank, 2005)
Application

Functionality

Dosage level [% w/w]

Fat replacement
Dairy products
(yogurts, cheeses,
desserts, drinks)

Body and mouthfeel
Foam stabilization

2–10

Fiber and prebiotic
Fat replacement

Frozen desserts

Texture improvement
Melting behavior

2–10

Low caloric value
Table spreads and

Fat replacement

butter-like products Texture and spreadability
6
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Emulsion stabilization
Replacement of gelatin
Fiber and prebiotic
Baked goods and

Fiber and prebiotic

2–15

Moisture retention
breads
Breakfast cereals and
extruded snacks

Fiber and prebiotic
Crispness and expansion

2–20

Low caloric value

Fillings

Fat replacement
Texture improvement

2–30

Fat replacement
Salad-dressings and
sauces

Mouthfeel and body

2–10

Emulsion stabilization
Fat replacement
Meat products

Texture and stability

2–10

Fiber
Fat replacement
Synergy with intense
Dietetic products
and meal replacers

sweeteners

2–15

Body and mouthfeel
Fiber and low calorie
Sugar replacement
Chocolate

Fiber

5–30

Heat resistance

Tablets

Sugar replacement
Fiber and prebiotic
7
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I.1.3.2 Non food applications
Inulin can also be used in other domains such as bioresource and chemical production,
derived from biotechnology and chemical technology.
Citric acid (CA) has many industrial applications in the food, chemical cosmetics, beverage
industries and pharmaceutical industry, but the current CA production process with sucrose
(molasses or glucose syrup) submerged fermentation is accompanied by some environmental
problems: the production of large amounts of liquid pollutant and solid wastes as well as the
toxicologically problematic behavior of some strains of Aspergillus niger (Forster et al., 2007).
Liu et al. (2010) reported the new CA production method by hydrolyzing inulin with a new
kind of inulinase and engineered yeast. This gene-technical based CA production method was
proposed to effectively avoid environmental problems.
Inulin has also been investigated recently to produce biofuels, replacing the non-renewable
fossil fuels. For example, inulin can be hydrolyzed by the exo-inulinase catalyzes, removing
the terminal fructose residues from the non-reducing end of the inulin molecule and
producing fructose and glucose, which can be easily converted into ethanol by S. cerevisiae
(Chi et al., 2011). Moreover, Li et al. (2011) demonstrated that inulin could be applied as
substrate to produce single cell oil.
Chemical modification contributes another method for inulin’s non food inulin application.
Verraest et al. (1995a) realized introduction of carboxyl groups into the inulin polymer by
heating an aqueous solution of inulin and monochloroacetic acid in an alkaline medium
(carboxymethylation). This reaction produced an inhibitor, called carboxymethylinulin (CMI),
of calcium carbonate formation. As compared to other saccharide-based polycarboxylates (for
example carboxymethylcellulose (CMC) or carboxymethylsucrose (CMSU)), application of
CMI had obvious advantages as low viscosity and significant influence on CaCO3
crystallization (Verraest et al., 1996). Another example is the production of dicarboxy-inulin
(DCI), polysaccharide-based polycarboxylate, by inulin oxidation. Because of its excellent
calcium-binding properties, DCI can be used as a potential candidate to replace other
currently used (and non-biodegradable) builders or co-builders in detergent formulations, for
example polyacrylates.
8
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I.1.4 Inulin analysis
Analysis of inulin has to be performed during all its extraction, purification and final
fabrication process. As stated above, inulin is a mixture of oligosaccharide and
polysaccharides with a DP varing from 2 to more than 60, rather than a single molecule, thus
inulin analysis is not easy due to its complicated composition.
According to AOAC method 999.03 (McCleary et al. 2000), inulin total concentration can
be analyzed based on the use of enzymes. Inulin can be hydrolyzed to D-fructose and
D-glucose with assistance of inulinase, then fructose and glucose can be easily measured
using the PAHBAH reducing sugar method (ENZYTEC). This method only requires a
spectrophotometer and other standard laboratory equipments. This method is reliable for the
determination of inulin, but cannot be used to determine oligosaccharides obtained by the
hydrolysis of inulin, or any form of oligofructose that contains Fn-type compounds, as these
are significantly underestimated.
Since inulin is non-reducing sugar, while fructose and glucose are reducing sugar, therefore
total inulin concentration can be analyzed by measuring the difference of total sugar
(carbohydrates) concentration and reducing sugar concentration.
In the presence of strong acids and heat, carbohydrates undergo a series of reactions that
leads to the formation of furan derivatives such as furanaldehyde and hydroxymethyl
furaldehyde. Then furan derivatives condense with themselves or phenolic compounds to
produce dark colored complexes. According to above stated mechanism, total sugar can be
measured with phenol-sulphuric acid method proposed by Dubois et al. (1956).
Under alkaline conditions, heated reducing sugar is oxidized into sugar acids and other
products, 3,5 - dinitrosalicylic acid were reduced to red-brown 3-amino-5-nitro-salicylic acid.
In a certain range, the amount of reducing sugar and brown-red material is proportional to the
depth of color. Thus, reducing sugar can be determined by the dinitrosalicylic acid method
(Wei et al., 2007). Although this total sugar/reducing sugar method was used by researchers
for inulin determination (Wei et al., 2007), the reliability and repeatability were considered
not satisfactory (Wei, 2006) because the result can be affected easily by the reagent ratio,
reaction time and other operation details.
9
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Gas chromatographic (GC) is another method for inulin determination. According to Joye
and Hoebregs (2000), a high-temperature capillary gas chromatographic method was
developed to analyze fructo-oligosaccharides (FOS). Sample preparation involves oxymation
and silylation of the extracted sugars. The oximetrimethylsilyl derivatives are analyzed on an
apolar capillary aluminum-clad column with temperature programming up to 440oC and
detection by flame ionization. This method is accurate and specific but unique for inulin with
DP less than 10.
High-performance Liquid Chromatography (HPLC) can also be used for inulin analysis.
Using two columns in series in the K+ form (AminexHPX-87 K+), we can separate fructose,
glucose, difructose-dianhydride (DFA), sucrose (GF), F2 and F3 from each other, but further
separation into DP 3, DP 4 and DP >5 is not very accurate (Franck and Leenheer, 2005).
However, based on the fact that heating inulin solution in acid environment (adding HCl)
or using inulinase can hydrolyze long chain inulin to fructose and glucose (Baert, 1997;
Vendrell-Pascuas et al., 2000), although separation of inulin with different DP is difficult
(because of its high and large distribution of DP) for current proposed analysis method.
Chromatography based method (GC, HPLC and ion chromatography (Dionex)) can offer
great sufficient reliability and accuracy for total inulin concentration analysis by determining
the fructose and glucose concentration after complete hydrolysis of inulin.
I.1.5 Inulin Production
I.1.5.1 Sources
Table I.3 Inulin content (% of fresh weight) of plants (De Leenheer, 1996)
Source

Edible parts Dry solids content Inulin content

Onion

Bulb

6–12

2–6

Jerusalem artichoke

Tuber

19–25

14–19

Chicory

Root

20–25

15–20

Leek

Bulb

15–20*

3–10

Garlic

Bulb

40–45*

9–16
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Artichoke

Leaves-heart

14–16

3–10

Banana

Fruit

24–26

0.3–0.7

Rye

Cereal

88–90

0.5–1*

Barley

Cereal

NA

0.5–1.5*

Dandelion

Leaves

50–55*

12–15

Burdock

Root

21–25

3.5–4.0

Dahlia

Root

15-22

10–12

Murnong

Root

25–28

8–13

Yacon

Root

13–31

3–19

Salsify

Root

20–22

4–11

*

NA, data not available.

Estimated value.

Among large amount of nature plants (as shown in Table I.3), dahlia, jerusalem artichoke
and chicory (Fig.I.2), because of their high inulin content (>10%), are interesting candidates
for inulin industrial production. The yield and inulin content of these three plants are listed in
Table I.4. However, dahlia is often cultivated for their flowers rather than for inulin
production, and the inulin yield of dahlia is only one half as great as chicory (see Table I.4).
Jerusalem artichoke inulin metabolism is more sensitive to cold than that of chicory. Its tubes
are small and irregular and hence have a lot of soil attached to them. Moreover, Jerusalem
artichoke tube has only 20% of chains with a DP >10 (see Table I.4). Comparatively, chicory
appears to be an interesting crop for inulin industrial production, because of its high inulin
yield, regular root and good tolerance to cold.
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Dahlia tube

Jerusalem artichoke tube

Chicory root

Figure I.2 chicory production candidate (from google images)

Chicory is a biennial plant. During the first season, the plants remain in the vegetative
phase and form only leaves, taproots, and fibrous roots. The roots look like small oblong
sugar beets. The inulin content is high (15–18%) and fairly constant from year to year for a
given region (once every 5 years). Industrial inulin production is now essentially made from
chicory (C. intybus).
Table I.4 Yield and inulin content of Dahlia, Jerusalem Artichoke and Chicory (Franck and De Leenheer,

2005)
Dahlia

Jerusalem Artichoke

Chicory

Roots or tubers (tones per ha)

25

35-60

25-75

Dry mass (%)

15-22

19-25

20-25

Inulin (%)

10-12

14-18

14.9-18.3

Inulin (tones per ha)

2.5-3

4.5-8.5

5-11

Mean DP

13-20

6-10

10-14

I.1.5.2 Industrial production
The land surface assigned to chicory for inulin and fructose production has increased from
a few hundred hectares in 1990 to more than 20,000 hectares (ha) in 2000, indicating the
growth of the inulin-related business (Frank, 2006). Fig.I.3 presents the world’s chicory and
inulin production. As the biggest chicory growing country (54% of the world), Belgium is
also the biggest inulin producer (74% of the world). The biggest inulin producing company
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ORAFTI, and the most historical inulin producing enterprise COSUCRA-group Warcoing are
both in Belgium.

Figure I.3 Major chicory and inulin producing countries (Mavumengwana, 2004).

Inulin production mainly consists of two steps (seen in Fig.I.4) (Franck, 2005; 2006). The
first step concludes the extraction and a primary purification step, yielding an impure inulin
containing juice. The second step is a refining phase that results in a commercial pure product
(Frank, 2006).
According to Frank (2005), the ORAFTI chicory extraction process of inulin from chicory
is very similar to the sugar beet process. Since chicory’s metabolic losses during storage are
twice as high as those in sugar beet, chicory roots (after harvest) can only be stored in piles on
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the field in less than 7 days, and then be delivered to the factory for careful store, to minimize
losses.
The storage conditions are 10°C, ~250 L CO2 escape per day per ton of chicory. The roots
are then transported to a stream of water for washing and slicing. Raw inulin juice is extracted
from the chicory roots slices with hot water (70-80oC) in a counter-current diffuser, for about
60-90 min. The leached slices are dried and sold as feed.

Figure I.4 Production process of chicory inulin

The schematic pattern of counter-current diffuser is presented as follow:

Figure I.5 schematic pattern of counter-current diffuser.

As shown in the Fig.I.5, slices with inulin concentration of Cs come into the head (A) of the
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diffuser and move to the outlet (B), extracted inulin moves with water in the direction from B
to A. The exhausted slices (pulp) with low inulin concentration CP come out at the end of the
diffuser (B). The diffusion juice with a high concentration of inulin Cj is obtained at the head
A. At the outlet of the diffuser, although there is not much inulin rest in the pulp, diffusion
takes place because the pulp is in contact with water without inulin (Cw = 0). At head of the
diffuser, the difference of concentrations is Cs – Cj, and Cj is much lower than Cs thus the
diffusion juice always has a lower concentration than the cell juice. The counter-current
diffuser presents good extraction efficiency, and is used for various industrial extraction
plants.
Similar as sugar beet juice, the first purification step of chicory juice extraction is liming
and carbonation at high pH (~11). The impurities such as peptides, some anions, degraded
proteins and colloids can be precipitated easily by the resulting CaCO3 sludge, and then be
filtered. This process generates a foam-type product which is used by the farmers to improve
their soil structure, as it is rich in calcium and organic matter. The product after this first
purification step is called raw juice.
The second step consists of demineralization, decolorization, filtration and spray-drying, it
is similar with starch processing technology. The raw juice is further refined using cationic
and anionic ion-exchange resins for demineralization, and then active carbon for
decolorization. In this process, major points of concern are strict control of pH and
temperature. After demineralization and decolorization, the juice is filtered with a 0.2-µm
filter for sterilizing, evaporated and spray-dried. Spray-drying has been, until now, the most
convenient technology for converting the refined inulin into a storable, microbiologically
stable and commercial end product (Frank, 2005).
As stated above, chicory processing is clearly more difficult than that of sugar beet
industrial technology. The chicory process requires a large compromise between maximal
impurities removal and inulin chain degradation, color formation, Maillard reaction,
contamination and removal of taste and odor (Frank, 2005).
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I.1.6 Alternative inulin extraction technologies
Since the cell membrane is a physical barrier, preventing removing the intracellular
substances from plant, disintegration of cell membrane, defined as the breakdown of cell
membrane, can cause the release of intracellular water and solutes to pass in an external
medium. Thus, cell membrane disintegration can be regarded as an effective tool to promote
extraction yield.
High temperature is a kind of effective cell membrane disintegration method. The high
temperature and long duration used in traditional inulin diffusion permit a rapid inulin transfer
from chicory tissue to extract water, but they requires long duration and also result in
breakage of chicory roots cell walls and the release of more impurities. Therefore, the huge
energy consumption and complex purification process are the weak point of current used
inulin production process. To optimize the conventional extraction process or to find an
alternative extraction technology for energy-saving, time-shortening or quality increase,
various researches have been dedicated using regional largely cultivated inulin rich plants.
The efforts are mainly focused on searching for new cell membrane disintegrating methods
(addition of enzyme, use of chemicals and mechanical pressing, for example), which are
suitable for inulin extraction from inulin containing plants.
I.1.6.1 Ethanol containing solvent
Since ethanol is easy to be removed at relatively lower temperature (boiling temperature:
78.3oC), great attentions have been given to investigations using ethanol as inulin extraction
solvent. 80% ethanol/water extraction solvent was used by Ohyama et al. (1990) to extract
inulin from yacon (Polymnia sonchifolia Poepp. Et Endll or P. edulis Wedd). Although 90%
of dry matter of yacon was shown extractable in 80% ethanol, inulin was detected in the
fraction insoluble in 80% ethanol solution, and its content was significantly lower (as seen in
Fig.I.6a). Therefore, Ohyama et al. (1990) concluded that, different from inulin accumulating
plant like Jerusalem artichoke, yacon belong to the plant group which accumulates low-DP
fructans like onion. It is not interesting for inulin production.
Different ethanol/water solutions (0.1-0.4%) were used as solvent for inulin extraction from
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chicory root, at 70oC with continous stirring, by Dobre et al. (2008). However, ethanol
presence showed worse ability for inulin extraction. As presented in Fig.I.6b, the best results
for “inulin extraction yield” (the mass ratio of extracted inulin and chicory root used) were
obtained using distilled water as solvent. The real inulin extraction yield with ethanol/water
system was recalculated about 3%. This value of extraction yield is calculated from reported
“extraction yield” about 2% which is mass of extracted inulin mass of chicory root used ,
considering that used chicory root contains considering that chicory root consist of 5%
moisture content (as stated by Dobre et al. 2008) and fresh chicory root contains 25% solids
content and 20% inulin content (De Leenheer, 1996).

Figure I.6 Patterns of distribution of low-DP fructans in yacon tubers (a) and Inulin extraction yield (b)
(Ohyama et al., 1990; Dobre et al., 2008).

I.1.6.2 Supercritical carbon dioxide
Supercritical carbon dioxide (CO2) fluid is also used to extract the high value products from
natural materials. Unlike other processes, supercritical CO2 extraction process leaves no
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solvent residue behind, because it can be easily removed by simple expansion to
environmental pressure. Moreover the CO2 is non-toxic, non-flammable, odorless, tasteless,
inert, and inexpensive. Due to its low critical temperature 31°C, carbon dioxide is known to
be perfectly adapted in food, aromas, essential oils and nutraceutical industry. Supercritical
carbon dioxide was applied to assist inulin extraction from chicory root by Mendes et al.
(2005) (Fig.I.7).The effects of extraction temperature (40, 60 and 80ºC) and pressure (62, 100,
150 and 170 bars) were investigated for 2 hours’ extraction. However, despite of its
advantages for environmental protection, the highest inulin extraction yield in the
experimental was only 0.3%.

This value of extraction yield is calculated from reported

“extraction yield” 0.06% which is mass of extracted inulin mass of chicory root used ,
considering that used chicory root contains 20% inulin content (De Leenheer, 1996).

Figure I.7 Experimental apparatus used to study the supercritical CO2 assisted extraction of inuline
from the chicory roots (Mendes et al., 2005).

I.1.6.3 Enzymatic method
Since the use of enzyme can destroy the barrier structure of plants cells and improve the
passage of target molecular from plant cell to extract solutions, the application of enzyme is
largely used in juice processing to increase the extraction yield.
As early as 1983, enzymic method for extraction of inulin form Jerusalem artichokes were
carried out by Kierstan (Kierstan, 1983), based on the assumption that adding inulinase could
promote the inulin extraction efficiency.

Since inulinase could lead to the hydrolysis of

inulin, whose solubility is low in water, the application of inulinase could increase the inulin
diffusion driven force from plant cell to water. However, experiment results denied the
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prediction, the inulinase assisted extraction showed no improvement of inulin extraction
efficiency (as shown in Fig.I.8).

Figure I.8 Release of D-fructose from Jerusalem artichokes (Kierstan, 1983).

Cao et al. (2009) reported that dual enzyme hydrolysis could improve the inulin extraction
from burdock. The extraction yields of inulin from burdock were 8.83%, 8.67% and 8.21% by
enzymes of papain, plant protease and acid protease, respectively. The optimum extraction
conditions for dual enzyme hydrolysis were 10% papain + 20% plant protease, solid/liquid
ratio 1:15, 45oC, 8 h of enzymolysis and pH 8. The extraction yield of inulin was 13.41% with
a purity of 67.86%.
A bio-enzyme assisted inulin extraction from Jerusalem artichoke was patented by Fan et al.
(2010). By adding cellulase and pectinase, which mainly destroy β-1,4 glycosidic bonds and
α-1,4 glycosidic bonds in plant cell walls, the extraction efficiency of inulin is greatly
improved. This bio-enzyme assisted extraction method can reduce time for hot-water
extraction from 30 min to 5-10 min, and increase the extraction yield of inulin from 50% to
70%.
I.1.6.4 Ultrasonic
Ultrasonic was recently applied by researchers for inulin extraction (Wei et al., 2007;
Milani et al., 2011), based on its benefit for plant cell walls disruption, extractable compounds
release facilitating and solvent mass transport enhancing from the continuous phase into plant
cells (Vinatoru, 2001).
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Wei et al. (2007) studied the extraction conditions of inulin from Jerusalem artichoke
tubers, which is widely cultivated in northern part China for environmental protection. With
aide of surface response methodology, the maximum inulin extraction yield could be 98%
(calculated from reported data stated by Wei et al. (2008)), with an extraction temperature of
77oC, and a solvent: solid ratio of 11(as seen in Fig.I.9a). At this optimum extraction
condition, direct (a sonicator probe horn was fitted into the sample tube with its tip dipped
into the solvent) and indirect (the sample tube was immersed in an ultrasound cleaning bath)
ultrasound was used to assist inulin extraction. As compared to conventional extraction,
which approached the maximum inulin extraction yield after 16 min, ultrasound has shortened
the plateau approaching time to 8 min (as seen in Fig.I.9b), indicating that ultrasound assisted
extraction rate was 2 times faster than that of conventional extraction. Moreover, direct
ultrasound was evidenced to lead to degrade inulin partly, resulting in more oligosaccharide in
the extract. Thus, indirect ultrasound was stated to be suitable for inulin extraction
enhancement.

Figure I.9 The response surface plot of inulin extraction yield (a), and the inulin yields of three extraction
techniques (b) (Wei et al., 2007).

Milani et al. (2011) investigated the independent variables for ultrasound extraction
including sonication amplitude (20-100%), sonication temperature (20-60oC) and sonication
time (5-25 min). The use of high intensity ultrasound significantly improves the extraction of
inulin from Burdock root. It was shown that increasing the amplitude and extraction time
increased the extraction yield; however, the effect of temperature was minor.
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Simultaneous ultrasonic/microwave assisted extraction (UMAE) of inulin from Burdock
root was investigated by Lou et al. (2009), presented in Fig.I.10. Compared with conventional
stirring extraction (at 50oC) without additional treatment, UMAE assistance could shorten the
extraction time from 300 s to 60 s to obtain comparable recovery of inulin (100 mg per gram
of initial burdock root on wet weight basis.). In this study the ultrasonic power of 50W and a
microwave power of 400 W were fixed, and a solid/liquid ratio of 1/15 was used. This
advantage was reported to be brought about by the cavitations’ phenomenon of ultrasound
and the internal heating of microwave. These two additional treatments could dramatically
improve the release of soluble compounds from the plant body by disrupting cell walls,
enhancing mass transfer and facilitating solvent access to the cell content. Meanwhile,
microwave heats the whole sample volumenically, it disrupts weak hydrogen bonds and
promotes the rotation of molecular dipoles. At the same time, electric held induced
movements of dissolved ions increase solvent penetration into the matrix and thus facilitate
analyte solvation. The heating effect causes the solvent temperature to rise and increase the
solubility of target compound.

Figure I.10 Simple schematic diagram of UMAE apparatus (Lou et al., 2009)

I.1.6.5 Pulsed electric fields (PEF)
I.1.6.5.1 PEF introduction
Pulsed electric field (PEF) treatment is an innovative and promising method for
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non-thermal processing of foodstuff. The treatment of pulsed electrical voltage is applied to
the material placed between two electrodes. PEF Treatment is conducted at ambient
temperature or slightly lower than the ambient temperature and for a treatment time of less
than 1 s (µs or ms) (Barbosa-Canovas et al., 2000). Generally the treatment parameters are:
field strength of 15 to 80 kV/cm and pulse duration from 1 to 5 ms for microbial inactivation;
field strength of 0.1 to 5 kV/cm; and pulse width of 10 to 1000 ms for electroporation of plant
cells and the extraction of non-heat compound intercellular from solid foods (Vorobiev and
Lebovka, 2010).
Electric field has already been used in the food industry. According to Toepfl (2006), the
first tests using continuous direct and alternating current, for microbial inactivation, was
announced in 1890 by Prochownick and Spaeth. In the late 1920 the process called
“Electropure” has already been implemented in Europe and the United States. This process
was the first example of the use of electricity for the pasteurization of milk using alternating
current at the intensity of 220-420 V. The effectiveness of this method was mainly due to the
heat treatment (the milk reached a temperature of 70°C) induced by ohmic heating occurring
during the passage of an electric current through the product (Barbosa-Canovas and Altunakar,
2006; Jeyamkondan et al., 1999; Toepfl, 2006).
In the 1940s, electrical treatment was began to be used not only for inactivating
microorganisms, but also for increasing the permeability of plant tissues to facilitate the
subsequent extraction of the intercellular compounds. During the period 1949-1951 an
industrial prototype was built and tested in different factories for pretreatment of carrots,
apricots, plums, apples and grapes. Following these fruit treatment with direct current and
alternating current, an industrial prototype of 6 to 15 t/h capacity was erected in a canning
factory in the Soviet Republic Moldawia by Flaumenbaum (1968) (Toepfl, 2006). Besides
fruits, sugar beets were also treated electrically. Thus, in the Sugar season 1955-1956, a
semi-industrial pilot with a capacity of 2100 kg/h for sugar beet slices treatment was built and
successfully tested in Ukrain (Loginova, 2010). In 1960, the German engineer H.
Doevenspeck patented the application of pulsed electric fields for cell disruption product food
to improve the phase separation (Doevenspeck, 1960 according to Toepfl, 2006). In 1961, an
industrial plant with capacity of 2500 kg/h was installed in a fat foundry in Germany for the
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treatment of beef, pork and fish waste materials (Toepfl, 2006). In 1967, Hamilton and Sale
have stated that the electric field causes a loss of membrane function as a semi-permeable
barrier (Hamilton & Sale, 1967). Later, in 1988, Krupp Maschinentechnik (Hamburg,
Germany) in collaboration with H. Doevenspeck developed the first industrial PEF
application (Barbosa-Canovas & Altunakar, 2006): ELSTERIL process for sterilization and
pasteurization and ELCRACK method for destroying plant and animal cell membranes.

Figure I.11 Pilot scale PEF system at Krupp Maschinentechnik (left) and ELCRACK® treatment
chamber (right) (Toepfl, 2006).

Nowadays, pulsed electric fields can be used for inactivation microbial, for improving the
extraction, drying, pressing, osmotic dehydration, freezing, freeze-drying and for the
treatment of wastewater.
I.1.6.5.2 PEF Mechanisms of action
When cells (animal, plant, microbial) are exposed to a given electric field (kV/cm), cell
membranes can be damaged, resulting in pores created in the cell membrane. Pore formation
may be temporary (reversible opening and closing of pores) or permanent (irreversible pores
remain open). This phenomenon of cell damage, called “electroporation”, causes
permeabilization of cell membranes.
Although the mechanism of electroporation is not yet fully understood, works aiming to
investigate the mechanism is always under going. Various theories, based on increase in the
transmembrane potential, electromechanical compression of the cell membrane and
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conformational changes in the lipids or protein moleculs, have been developed to explain this
phenomenon (Ho & Mittal, 1996; Weaver & Chizmadzhev, 1996; Weaver, 2000; Zimmerman,
1986).

Figure I.12 Schematic diagram of pore development theory

For example, according to Weaver & Chizmadzhev (1996), cell membranes have structural
defect as pores, these pores may be enlarged due to thermal fluctuations. The electric field
polarizes the membrane and induces charges on the surface of water-lipid bilayer. Due to the
repulsion of charges near the pore, the pore radius increase (Fig.I.12). Therefore the
application of the electric field stimulates the creation and the development of pores.
Another mechanism was proposed by Zimmerman (1986), stating that the membrane can
be considered as a capacitor filled with dielectrics (Fig.I.13(a)). The application of the electric
field charges the capacitor by introducing trans-membrane potential um. The attraction of
opposite charges which are accumulated from side of the membrane causes the compression
of the cell. Thus, trans-membrane potential increase leads to reduction of the membrane
thickness. When um reached the critical value, membrane disruption is to happen. This
“dielectric breakdown theory” is one of the most popular theories.
Trans-membrane potential (um) can be expressed as (Tsong, 1992):
=
um α fd c E cos θ (1 − t τ ) + µ ph

(I.1)

Where E is the electric field strength (V), dc is the cellular diameter (m), f is a parameter
depends on the cellular’s electrical and geometrical properties, θ is the angle between a given
element of the membrane and the direction of electric field and potential physiological cell
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(μph V), α is a constant whose value depends on the shape of the cell, α = 0.75 for a spherical
cell and α = 1 for a rectangular cell or elongated, t is the elapsed time after disconnection from
the stream (s), τ is the relaxation time (s).
According to statement of Zimmerman (1986), reversible and irreversible breakdown of
cell membrane could happen when an external electrical field is applied. Fig.I.13 represents
the schematic diagram of reversible and irreversible breakdown.

Figure I.13 Schematic diagram of reversible and irreversible breakdown
In case (a), the membrane is considered as a capacitor filled with dielectrics (hatched area).
The normal resting potential difference across the membrane is about 10 MV.
In case (b), cell membrane is exposed to an external electrical field (pulse), leading to the
creation of a membrane potential difference um due to charge separation across the membrane.
As stated above, um is proportional to the field strength E and the cell radius. The increase in
the membrane potential leads to a reduction in the membrane thickness.
In case (c), membrane breakdown occurs when the critical breakdown voltage uc (of the
order of 1 V for many types of cells) is reached by a further increase in the external field
strength. It is assumed that breakdown causes the formation of trans-membrane pores (filled
with conductive solution), which leads to an immediate discharge of the membrane and, in
turn, to a decompression of the membrane. However, breakdown is reversible if the size and
area of the pores is small in relation to the total membrane surface.
In case (d), at higher field strengths (but also at longer exposure times) larger and larger
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areas of the membrane are subjected to breakdown. When the size and number of pores
become large enough, compared to the total membrane surface, reversible breakdown turns
into irreversible breakdown associated with mechanical destruction of the cell.
I.1.6.5.3 PEF equipment
(1) Generator
PEF generator is supposed to transform the continuous electric current to discontinuous (in
pulses). Generally the electrical system consists of a high voltage generator and direct current,
one or more capacitors, a switch and two electrodes. Fig.I.14 shows a diagram for generating
exponential decay and rectangular pulses.
The energy delivered by the electrical generator is temporarily stored in the capacitors and
discharged at the electrodes through the switch. The shape of pulses depends on the electrical
installation. As shown in Fig.I.14, the left one can generate exponential pulses while the right
one leads to rectangular pulses.

Figure I.14 Simplified electrical circuits of impulse generation systems for exponential
decay (left) and square wave pulses (right) (Toefl, 2006)

(2) Treatment chamber
The treatment chamber, where the food is exposed to the electric field pulses is also an
important part of PEF system. It consists of at least two electrodes, one for high voltage and
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the other for ground potential, separated by insulating material in different geometric
configurations. The most used treatment chambers are parallel plates, coaxial or co-linear
cylinders (as seen in Fig.I.15). The parallel plate treatment chamber is largely used because it
offers the most uniform electric field and is easier to build (Jeyamkondan et al., 1999), but its
treatment intensity is reduced in boundary regions. Thus, if no mixing exists during treatment,
a considerable part of the volume may remain unprocessed. However, in continuous treatment
chambers, this can be prevented by adding multiple treatment zones in line or baffled flow
channels (Zhang et al. 1995).

Figure I.15 Configurations of treatment chambers for continuous PEF-treatment; (a) parallel plate, (b) coaxial
and (c) co-linear configuration (Toepfl, 2006).

I.1.6.5.4 PEF processing parameters
The effectiveness of PEF treatment is closely related to the processing parameters including
electric field strength, treatment time, specific energy, pulse geometry, and treatment
temperature.
(1) Electric field strength
Applied external electrical field should be strong enough to induce pore formation because
pore formation will only occur when a certain threshold value of the transmembrane potential
is exceeded, which was found to be in the range of 1 V (Zimmermann 1996).
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Many studies show that the intensity increase of the electric field accelerates the
destruction of the tissue (for example, Ade-Omowaye et al., 2001; Eshtiaghi & Knorr, 2002;
Grimi et al., 2010; Lebovka et al., 2002). Fig.I.16 presents examples of the time dependencies
of electrical conductivity disintegration index Z during the PEF treatment of potato tissue at
different electric ﬁeld intensities E. The higher value of Z means more permeabilization of
treated tissue.
As seen in Fig.I.16, electric field intensity affects significantly the permeabilization of
potato tissue, increase of E could result in faster disintegration of potato tissue. However, this
increase may be limited by various side effects (and Lebovka et al., 2000) depending on the
nature of the processed product (Bazhal et al., 2003) such as cell size as well as cell
orientation in the field (Heinz et al. 2002).

Figure 1.16 Disintegration index Z versus total time of PEF treatment t for potato (Lebovka et al., 2002).

(2) Pulse duration and treatment time
PEF treatment time tPEF can be calculated as follows:

t PEF = N ⋅ n ⋅ t

(I.2)

Where N is the number of trains, n is the number of pulses in every train, t is the pulse
duration, s.
PEF treatment efficiency and extraction efficiency (El-Belghiti & Vorobiev, 2004,
El-Belghiti et al., 2008; Fincan et al., 2004) can be greatly improved by increasing the number
of pulses and thus the treatment time (Bazhal & Vorobiev, 2000; Lebovka et al., 2000, 2002).
Also, it has been shown that longer pulse duration could promote tissue destruction in PEF
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treatment of apples, sugar beets and grapes (De Vito et al., 2008; Grimi et al., 2009; Lebovka
& Vorobiev, 2008b). As shown in Fig.I.17, the increase of the pulse duration (ti) and PEF
treatment time (tt) both facilitate the disruption of the sugar beet tissue, evidenced by
disintegration index Z augmentation.

tPEF (s)
Figure I.17 Disintegration index Z versus total time of the PEF treatment time for pulse durations ti of 10 µs
and 1000 µs at E = 400 V/cm. (Grimi et al., 2010).

(3) Treatment temperature
As treatment temperature has significant influence on cell membrane fluidity and stability,
it has highly synergetic effect on treatment efficacy. The effect of temperature on the efficacy
of electrical plant tissue was deeply studied by the research group of E. Vorobiev. They
showed that temperature has a strong positive effect on the efficiency of the electric treatment
of apples, potatoes, sugar beets and carrots (Lebovka et al., 2005a, 2005b, 2007a; Praporscic
et al., 2005b). The combination of electric and thermal treatments permits to achieve a higher
degree of tissue destruction than using the electrical treatment alone (Lebovka et al., 2004a),
and the processing time can be decreased by increasing PEF treatment temperature (Fig.I.18)
(Lebovka et al., 2005b). In addition, the use of this synergistic effect makes it possible to
achieve an effective disintegration of the target tissue by applying combination of low
intensities electrical and moderate thermal treatment (Kulshrestha & Sastry, 2003).
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Figure I.18 Conductivity disintegration index Z of potato tissues versus time of PEF treatment tPEF at the electric
ﬁeld strength E = 70V/cm and diﬀerent temperatures (Lebovka et al., 2005a).

I.1.6.5.5 Recent studies about PEF assisted extraction
Because moderate PEF treatment can cause pores formation in cell membranes without cell
walls disruption, wide research have been done for selective extraction of target components
(Liu et al., 2011; Boussetta et al., 2011; Moubarik et al., 2011; Loginova et al., 2010).
Because of PEF treatment, extraction can be carried out at “cold” conditions, leading to
better quality of extracted juice (Loginova et al., 2011b; Turk et al., 2012; Boussetta et al.,
2013). For example, PEF assisted aqueous extraction of colorants from red beet was
investigated by Loginova et al. (2011). They stated that extraction at high temperature caused
acceleration of both extraction and colorant degradation processes. For instance, 1 h of
thermal extraction at 80oC resulted in a nearly half degradation of colorant. On the contrary,
the PEF treatment removed the membrane barriers, causing extraction process controlled by
unrestricted diffusion with small activation energy and a small level of colorant degradation
(0.05–0.1) (Fig.I.19).
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Figure I.19 Colorant degradation index of the red beet juice D (at 0.80 extraction index) versus diffusion
temperature T for untreated and PEF pre-treated tissues. (Loginova et al., 2011).

Studies of PEF assisted extraction at a pilot or industrial scale have also been well
developed. For example, Puértolas et al. (2010) have developed a colinear continuous PEF
treatment chamber to investigate the feasibility of processing red grapes by pulsed electric
ﬁelds (PEF) at a pilot-plant scale to improve phenolic extraction during fermentation of red
grapes. An increment of the electric
ﬁeld from 2 to 7 kV/cm

was found to increase the

extraction rate of anthocyanins and total phenols. Also, pilot scale investigation of sugar from
sugar beet has been realized by Loginova et al. (2011), showing that with PEF pre-treatment
at 600 V/cm, countercurrent diffusion at 30oC could result in comparable sugar concentration
in the diffusion juice, as compared to that of thermal assisted diffusion (70oC, without PEF
treatment). Moreover, the purity of diffusion juice obtained by cold extraction (at 30oC, with
PEF treatment) was reported better than the purity of juice obtained by conventional hot water
diffusion at 70oC (Fig.I.20) (Loginova et al. 2011). Industrial scale investigation about PEF
assisted juice recovery from apple and carrot was performed by Jaeger et al. (2012), and an
increase of juice yield after PEF treatment was found for apple mash in the range of 0–11%
and for carrot mash in the range of 8–31% depending on mash structure and de-juicing
system.
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Figure I.20 Inﬂuence of temperature and electrical pre-treatment on sucrose concentration in diffusion juice
(Loginova et al. 2011).

PEF assisted chicory diffusion was carried out at a laboratory scale to enhance soluble
matter extraction from chicory roots (Loginova et al., 2010). The PEF treatment withﬁeld
strength 100–600 V/cm, was evidenced to significantly reduce the soluble matter diffusion
activation energy to 30–40 kJ/mol from that of usual thermal damage (263 kJ/mol) (see in
Fig.I.21). The possibility for larger scale investigation of inulin extraction from chicory juice
was demonstrated.

Figure I.21 Arrhenius plots of the effective solute diffusion coefﬁcient D for the untreated and PEF-pretreated
chicory slices and sugar beet slices (Loginova et al., 2010).
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I.1.6.6 Comparison of different inulin extraction methods
A comparison of above stated inulin extraction methods is presented in Table 1.5.
Compared with other methods, PEF treatment is promising for inulin extraction because of its
advantages in better plant cell membrane disruption, higher soluble matter extraction yield in
shorter time. It is easy to be scaled up and used in industrial conditions.
Table 1.5 Comparison conclusion of different inulin extraction methods
Inulin extraction
Extraction methods

Advantage

Disadvantage

yield (%)
Ethanol containing
solvent

3

Easy solvent removal

Better denaturaion of
Enzymatic assistance

13.4-70

plant cell wall;

84

dioxide fluid

0.3

Strict requirement of
extraction condition

shorter extraction time

(temperature, pH)

faster mass transport;
shorter extraction time

Supercritical carbon

than water solvent

higher inulin extraction yield;

Better plant cell wall disruption;
Ultrasonic assistance

Lower inulin extraction

High energy consumption
Not easy to scale up

Environmental friendly;

Low inulin extraction

easy solvent removal

yield

Better plant cell membrane disruption;

PEF

No report

higher soluble matter extraction yield;

No detailed report for

shorter extraction time;

inulin extraction.

easy to scale up

The feasibility of PEF pre-treatment for soluble matter extraction from chicory roots at
laboratory scale is reported by Loginova et al. (2010), but further investigation is still needed
to evidence the ability of PEF pre-treatment for inulin extraction at a laboratory scale and
pilot scale.
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I.2 Filtration Technology
After obtaining inulin juice by diffusion, various processes are required to obtain pure
inulin. Since current industrial inulin purification process is considered labor intensive and
complex, pursuing more simple and economic purification technology is under worldwide
research. In vast optional purification technologies, filtration technology is regarded as an
environmental friendly and operation simple purification technology, because mostly it is a
one step operation without additional chemical substance usage.
I.2.1 General introduction to filtration technology
Membrane filtration is generally used to separate certain particles from liquid. A pressure
difference across the membrane allows liquid to pass through the pores. In theory, all the
elements in the feed side, which are smaller than the pore size of the membrane will pass
through the membrane and the particles larger than the pores will be left on the membrane.
Fig.I.22 presents the basic mechanism of filtration process.

Figure I.22 Principle mechanism of filtration process

As a remarkable achievement, the application of filtration in the food and beverage
industries increased dramatically in the 1980s, even though it was viewed by the food
industry with a mixture of interest and suspicion from its birth. Since it can realize substances
separation without using any additional chemical reagent, nowadays membrane technology,
especially filtration technology, has been widely used in food industrial production and also
laboratory scaled investigation. The main application range of membrane filtration process is
presented in Fig.I.23.
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Figure I.23 Application range of membrane filtration process (Cross, 1991).

I.2.2 Different filtration models
According to the feed movement in the membrane module, membrane process can be
divided into different models:
(1)

Dead-end filtration (Fig.I.24 (1)), where all the fluid passes through the membrane
and all particles larger than the pore sizes of the membrane are stopped at its surface;

(2)

Cross-flow filtration (Fig.I.24 (2)), where the fluid feed stream runs tangential to the
membrane, establishing a trans-membrane pressure. This causes some of the particles
to pass through the membrane. Remained particles continue to flow along the
membrane, and clean the membrane surface. Different from the dead-end filtration
technique, the use of a tangential flow will prevent larger particles from building up a
“cake layer”.

(3)

Rotating disk module filtration (Fig.I.24 (3)), where a metal disk rotates near the
membrane surface, generating high shear rates on the membrane to avoid quick
fouling.

The basic mechanisms of above filtration models are presented in Fig.I.24
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Figure I.24 Basic mechanisms of different filtration models.

I.2.3 Membrane fouling
I.2.3.1 Membrane fouling theories
In contrast to the advantages of membrane filtration, the development of membrane
application in industrial area is always restricted by the phenomenon of permeate flux
decrease during filtration, which is cause by membrane fouling at the interface of the
membrane and the liquid or inside the pore volume.
In order to identify and eliminate membrane fouling, various studies are carried out and
different models for filtration resistance and membrane fouling were proposed. The
Resistance-in-series model is one of the most accepted models for quantifying membrane
fouling. In the normal dead-end ﬁltration, flux decline is result of several factors, such as the
adsorption between membrane and solutions, cake or gel formation, concentration
polarization, and membrane hydraulic resistance. It was described as follows:
J=

1 dV
∆P
=
S dt µ Rtot

(I.3)

Where J is the permeateﬂux (m 3/m2s), ΔP is the transmembrane pressure (TMP, Pa), μ is
the dynamic viscosity of permeate (Pa.s), and Rtot is the total ﬁltration resistance.
Rtot = Rm + Rg + Rc + Ra

(I.4)
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Where Rm is the membrane hydraulic resistance, Rg is the cake layer resistance, Rc is the
concentration polarization resistance and Ra is the adsorption resistance. All resistances are
expressed in m-1.
With application of this model, the resistance distribution during filtration can be described
(Wang et al., 2012) (seen in Table I.5) and operation conditions can be selected to decrease or
eliminate the main resistances.
Table I.5 Fouling resistance proportion for different membranes (Wang et al., 2012)

MWCO
(kDa)

Material

Rtot

Rm (1012m-1)

Ra (1012m-1)

Rc (1012m-1)

Rg (1012m-1)

(1012m-1)

(%)

(%)

(%)

(%)

100

PES

14.96

0.58 (3.87)

0.06 (0.42)

3.76 (25.13)

10.56 (70.58)

30

PES

17.66

3.943 (22.32)

8.18 (46.32)

1.55 (8.78)

3.99 (22.59)

10

PES

15.52

2.15 (13.86)

2.70 (17.39)

4.40 (28.35)

6.27 (40.40)

10

RC

10.91

2.10 (19.25)

0.45 (4.12)

4.73 (43.35)

3.63 (30.79)

PES: Poly(ether sulfones)

RC: Regenerated Cellulose

Besides the quantiﬁcation of membrane fouling, identiﬁcation of fouling mechanism also
provides useful information for preventing membrane fouling and choosing optimal operation
conditions. Hermia developed a semi-empirical model for dead-end ﬁltration based on
constant pressure condition in order to predict the fouling mechanism that predominate the
ﬂux decline during theﬁltration. According to Hermia’s model (Hermia, 1982; Vela et al.,
2008), there are four basic types of fouling: complete blocking model, intermediate blocking
model, standard blocking model and cake layer model. In Hermia’s model (Eq. I.5),

d 2t
dt
= k ' ( )n
2
dV
dV
t is theﬁltration time

(I.5)
(s), V is the permeate volume (m3),

k、is constant and n takes

different discrete constants for different types of fouling: n = 2 indicates the complete
blocking model, n = 1.5 represents the standard blocking model, n = 1 stands for the
intermediate blocking model, and n = 0 indicates a cake layer model. The physical basis for
these four cases are presented in Table I.6
Table I.6 Fouling mechanism and their physical basis (Grenier et al., 2008)
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Fouling mechanism

n

Physical concept

Cake filtration

0

Formation of a surface deposit

Intermediate blocking

1

Pore blocking + surface deposit

Standard blocking

1.5

Pore constriction

Complete blocking

2

Pore blocking

Cake filtration (n=0): This model suggests that molecules with bigger size than the
membrane pores will accumulate on the membrane surface and form a permeable cake layer.
Dead-end filtration without agitation is mostly controlled by cake filtration.
Intermediate blocking (n=1): The intermediate blocking model considers that the molecule
that reaches the pore entrance also blocks the pore entrance, which is similar to the complete
model. However, this model is less restrictive than the complete blocking model. It assumes
that some molecules may deposit on previously settled ones, which means not all molecules
that reach membrane surface can seal a separate membrane pore.
Standard blocking (n = 1.5): Based on an important hypothesis that all membrane pores
have a constant length and diameter on the whole membrane, molecule size of feed substance
is smaller than membrane pore size, thus molecules can easily go inside membrane pores and
the blocking occurs inside the membrane pores. Therefore, the volume of membrane pores
decreases proportionally to the ﬁltrated permeates volume.
Complete blocking (n=2): This model assumes that every molecule that reaches the
membrane surface completely blocks the pore entrance of the membrane. More importantly,
molecule never settles on another molecule that previously deposits on the membrane surface.
The blocking takes place on the membrane surface but not the inside membrane pores.
Apart from the classic models, an exponential model was proposed by de la Garza and
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Boulton (1984). They assume that there is an immediate and progressive fouling of the pores
of the filter by the material being collected due to either a surface fouling or a depth collection
mechanism. This model was first proposed for analyzing membrane fouling during wine
filtrations and then was successfully developed for soluble rice bran fiber ultrafiltration
(Wan et al., 2012), apple juice ultrafiltration (Gokmen and Cetinkaya, 2007) and stevia
extract microfiltration (Reis et al., 2008).
∆P
1 dV
=
A dt µ Rm exp(k V A)

(I.6)

where Rm is the membrane resistance (m-1), t is theﬁltration time (s), V is the permeate
volume, ΔP is the trans-membrane pressure, μ is the viscosity (Pa.s) of feed, A is the effective
membrane area (m2), and k is the exponential fouling coefficient (m-1), this fouling coefficient
gives the general evaluation for membrane fouling during filtration process, and it depends on
many factors such as feed composition, operation conditions and membrane properties.
I.2.3.2 Membrane fouling elimination
Considering of the filtration elements, including membrane, operating conditions and feed
liquid, efforts for eliminating membrane fouling and improving filtration performance have
been carried out around these three aspects. Among these studies, dynamic filtration has been
widely used. It has been frequently reported by recent publications.
The principle of dynamic filtration mode is to create a relative movement between the
membrane and the housing to produce high shear rates. The shear can be generated either by
rotating disk, rotating membrane system and vibrating system (He et al., 2007; Luo 2012)
(FigI.25). Ding et al (2003) studied the protein concentration by UF skim milk with two kinds
of rotating disk 15 and 26 cm in diameter. Discs with vanes of different heights were used.
The results showed that, compared with the smooth disc, the disc with vanes is more effective
for the reduction of the concentration polarization. The concentration polarization layer is
formed near the surface of the membrane because of the accumulating of non-permeating
component. In the concentration polarization layer, the concentration of permeable solute is
greater than that in the bulk fluid. Therefore, concentration polarization harms membrane
39

Chapter I Bibliography
performance. Beier et al. (2006) invested filtration of yeast suspensions using a dynamic
microﬁltration system consisting of a vibrating hollow ﬁber membrane module. Shear rate
generated by the vibrating made it possible to filtrate yeast suspension at low feed cross-ﬂow
velocity and thus at a low trans-membrane pressure. And the critical flux, the flux above
which an irreversible fouling appears (Defrance et Jaffrin, 1999), at the maximum degree of
vibration is improved by 325% compared to the critical flux at the minimum degree of
vibration.

Figure I.25 Schematic of rotating disk (a), rotating membrane system (b) and vibrating system (c).

I.2.3.3 Application of filtration for juice clarification and purification
Currently, fruit juices are industrially pasteurized at temperatures of about 90oC in order to
guarantee the microbiological stability. These processes increase the shelf life of juice product
and insure its safety, but also aﬀect the sensory properties of the juice which depend on
volatile substances that are largely heat sensitive (Cassano et al., 2007). In addition, most
vitamins are also heat sensitive, they will lose or reduce their activities when submitted to
thermal processes. Therefore, membrane processes are becoming more and more attractive,
since this separation process is athermal and involves no phase change or chemical agents.
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Moreover, filtration technology, especially UF, reduces usage of traditional ﬁning agents ,
such as bentonite and silica sol which cause problems of environmental impact due to their
disposal.
According to Fig.I.23 It is clear that microfiltration (MF) and ultrafiltration (UF) are
suitable for removing bacteria and fine particles in aqueous solutions. That’s why MF and UF
are widely applied for extracted juice clarification and purification (de Carvalho et al, 2008;
Youn et al., 2004; Mondor et al., 2000; Joanna et al., 2013).
For example, de Carvalho et al. (2008) have used MF and UF to clarify pineapple juice.
They found that the polysulfone membranes with molecular weight cut-off of 50 kDa could
well clarify the pineapple juice with minimum total sugar losses. The UF membrane, PES 0.3
μm, was favorable for pineapple juice clarification due to its tubular conﬁguration and module
geometry.

Figure I.26 Schematic diagram of BUS-200 system for microfiltration and ultrafiltration (Youn et al.,
(2004)).

Membrane filtration was also used for clarification of apple juice. Youn et al. (2004) has
studied the filtration characteristics of apple juices pretreated with variousﬁlter -aids to select
an appropriate process for the clari
ﬁcation with higher permeate ﬂux and lower membrane
fouling, and for production of high quality juice (Fig.I.26). They stated that, by considering
the recovery of permeate ﬂux drop with time, ultraﬁltration (MWCO 30,000) was proper than
microﬁltration (0.01 m pore size). In the quality change of apple juice, membrane ﬁltration
improved color without the deterioration changes of important quality index in fruit juice,
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such as pH, total acidity, and the contents of total sugar, organic acid and vitamin C.
Ultraﬁltration (UF) process on laboratory scale has been studied by Cassano et al., (2007)
to clariﬁy fresh depectinised kiwifruit juice. The UF process permitted a good level of
clariﬁcation reducing totally the suspended solids and the turbidity of the fresh juice.
Loginova et al. (2011c) succeed in purifying sugar beet juice, containing 13-15 wt% sugar,
with dead end filtration. They found that a membrane of MWCO=10 kDa was evidenced to
result in most purified filtrate.
However, to our best knowledge, chicory juice filtration investigation aiming to its
clarification and purification has not yet been reported. In contrast to the satisfactory results
concerning juice clarification and purification with application of MF and UF process,
membrane fouling is frequently reported by researchers as the fouling can greatly limit the
economic advantage and scale up of filtration technology. Therefore, filtration studies of
chicory juice with traditional filtration technology and novel anti-fouling technology is of
great interest.
I.3 Conclusions and research objectives
In conventional inulin extraction, elevated temperature and long duration are used to obtain
a high inulin yield. However this process also leads to high energy consumption and cell wall
denaturation, leading to undesirable extraction of non-target molecules, such as proteins,
pectins and colloids. PEF treatment electroporates the cell membranes of chicory tissue, and
enhances inulin extraction with fewer impurities in the juice. The laboratory scale studies of
PEF assisted inulin extraction evidence the efficacy of this process at lower temperature
(30-50oC). However, no pilot scale study has been done for PEF assisted inulin diffusion.
Since preheating can soften the plant tissue and facilitate the membrane damage during
the PEF-treatment, the application of combined electroporation and ohmic heating treatment,
by combination of electrical and moderate thermal treatment, can be also a good alternative to
intense thermal treatment (70-80°C).

Moreover, the synergistic effect of electricity and

thermal treatment may bring greater benefit for chicory tissue permeabilization and inulin
extraction at moderate temperature.

Therefore, it is of great interest to study combined
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electroporation and ohmic heating treatment assisted chicory permeabilization and inulin
diffusion. In addition, investigation about dissociation of the thermal and PEF effects on
chicory tissue permeabilization will be interesting in scientific aspect, it may serve as
reference for other tissues.
After diffusion, the classical method for chicory juice clarification requires multiple
operation steps (pre-liming, liming, a first carbonation, a first filtration, a second carbonation
and second and also high temperature (80-90oC), which may lead to the hydrolysis of inulin
molecular in the extracted juice. Although, these purification steps can effectively remove
insoluble and certain soluble substances, they may also introduce additional calcium ions into
clarified juice that requires further purification treatments. Thus, this widely used classical
clarification technology is also regarded as labor intensive and time-consuming. Membrane
technologies (especially microfiltration and ultrafiltration) can be an alternative for juice
clarification because of their advantages such as high productivity, low operation cost and
high product quality.
The aims of this thesis are:
(1) To carry out pilot scale diffusion to approach the study of inulin extraction from chicory
roots treated by PEF to the industrial conditions.
(2) To study PEF induced combined electroporation and ohmic heating treatment assisted
permeabilization of chicory tissue and its effect on inulin diffusion.
(3) To investigate clarification and purification of chicory juice using membrane filtration
technology.
(4) To improve filtration performance with high shear rate filtration module and optimize
filtration operation conditions.
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Chapter II Materials and Methods
II.1 Raw materials
II.1.1 Chicory
The field-grown roots of the commercial chicory (C. intybus), which consist of about 25%
solid matter and 75% water, were provided by COSUCRA, Belgium. Chicory roots were
delivered every two weeks and were used immediately or after 10 days of storing in a cold
room at 4oC.
II.1.2 Membrane
The main properties of used membranes are presented in Table II.1.
Table II.1 Properties of used membranes
Membrane

Manufacturer

Surface
material

Pore
size

Max.
temperature (oC)

pH
range

UP005P
UH050P
US100P

Nadir
Nadir
Microdyn-Nadir

PES
PESH
PSH

5 kDa
50 kDa
100 kDa

95
95
95

1-14
1-14
1-14

UP150
FSM0.15PP
MV020T
FSM0.45PP

Microdyn-Nadir
Alfa Laval Nakskov
Microdyn-Nadir
Alfa Laval Nakskov

PES
PVDF
PVDF
PVDF

150 kDa
0.15 µm
0.2 µm
0.45 µm

95
60
95
60

1-14
1-11
2-11
1-11

PES: polyethersulfone; PESH: hydrophilic; Polyethersulfone;
PVDF: polyvinylidenefluoride PSH: hydrophilic polysulphone

For every filtration test, new membrane was used.
II.2 Equipments and methods
II.2.1 Sample preparation
Chicory slices were prepared with a manual root cutter (Fig.II.1 (a)), slices with different
thickness were produced by adjusting the distance between the two blades. Then slices were
disk shaped with a hollow plastic cylinder (Fig.II.1 (b)). The disk shaped samples (Fig.II.1 (c))
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were used for PEF treatment and laboratory scaled diffusion.

Figure II.1 Chicory disk sample preparation schema.

Chicory cossettes were prepared with Robot Coupe CL 60 (France) (Fig.II.2 (a)). In this
study, a LC 50 knife was used and the chicory roots were cut into cossettes with an average
volume of 536 mm3 (67x4x2 mm) (Fig.II.2 (b)). Chicory cossettes were used for pilot
diffusion.

Figure II.2 The root cut (a) and chicory cossettes (b).

II.2.2 Chicory pre-treatment for extraction intensification
Three types of generators were used in this study. A moderate PEF generator (400 V, 38 A)
was used for the treatment of disk chicory sample, a high PEF generator (5 kV, 1000 A) was
used for chicory cossettes pre-treatment in pilot diffusion study, and a high PEF generator (40
kV, 10 kA) was used for further permeabilization of disk chicory sample.
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II.2.2.1 Generator I
The PEF generator, 400 V–38 A (Service Electronique UTC, Compiègne, France) was used
to provided the bipolar pulses of near-rectangular shape. The main characteristics of this
generator are listed in Table II.2. A software Agilent HPVEE version 4.0 (Hewlett-Packard,
Palo Alto, Californie, Etats-Unis) was used to record all the data detected (temperature,
resistance, time, current and tension).
Table II.2 Main characteristics of 400 V generator.
Maximal current

38 A

voltage

0-400 V (resolution 1V)

Number of pulses in each train

1-10000

Pulse duration

10-1000 μs (resolution 2 μs)

Pulse repetition time

0.1-50 ms (resolution 2 μs)

Number of train

1-1000

Pause between trains

1-3600 s

Inter-electrodes resistance measurement

0-10000 Ω (resolution 1Ω)

Resistance measurement frequency

500 HZ

Temperature measurement

-200…+1200oC (resolution 0.1oC)

Figure II.3 400 V PEF generator (a) and PEF treatment protocol (b).

The trains of pulses were used for PEF treatment. An individual train consists of 100
pulses with pulse duration ti=100 μs and pulse repetition time △t=200 μs. There was a pause
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of △tt =1 s after each train. Owing to the short inter-train pause, and moderate electric fields
strength (400 V/cm-800 V/cm), the ohmic temperature elevation was significant. Therefore,
the combination of PEF and ohmic treatment was applied to chicory tissue. The total time of
electrical treatment during the PEF experiments was calculated as tPEF = n×N×ti, where N is
the number of trains, N varied from 2 to 100, therefore tt varied from 0.02 s to 1 s respectively,
to obtain PEF treated chicory sample at different electrical conductivity disintegration index.
The treatment cell consisted of a polypropylene cylinder with an inner diameter of 20mm
and an electrode at its bottom (Fig. II.3a), the sample was placed inside the cell, then the
second electrode was installed on the top of the sample and the external electric field was
applied straightforwardly to the tissue sample. The temperature inside the sample under the
PEF treatment was recorded in the online mode during the inter-train period by a
Teﬂon-coated K-type thermocouple (±0.1 K) connected to the PEF generator. The electrodes
were connected to the PEF generator and the electrical conductivity of samples was measured
during the inter-train period at the frequency 0.5 kHz, selected as optimal for purposes of
removing the polarizing effects on the electrodes and tissue sample.
All the output data (current, voltage, electrical conductivity, and temperature) were
collected using a data logger and special software adapted by Service Electronique UTC,
Compiegne, France.
II.2.2.2 Generator II
A pilot PEF generator (Hazemeyer, 5000 V, 1000 A, France) was used in this study. The
PEF generator provided the monopolar pulses of a near-rectangular shape. The principle
characteristics are listed in Table II.4. A software Agilent VEE-PRO version 8.5 was used to
record all the data detected (temperature, sample weight, time, current and tension).
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Figure II.4 5 kV PEF generator (a) and PEF treatment protocol (b)
Table II.3 Main characteristics of 5 kV generator.
Maximal current

1000 A

voltage

0-5000 V (resolution 100V)

Number of pulses in each train

1-65000

Pulse duration

50-100 μs (resolution 0.2 μs)

Pulse repetition time

5-100 ms (resolution 2 μs)

Number of train

1-1000

Pause between trains

1-3600 s
-1

Electric field intensity was fixed at E = 600 V cm . One train of pulses was used for the
PEF treatment. This train consisted of n pulses (n =100-500), with pulse duration ti = 100 μs
and pulse repetition time ∆ t = 5 ms. The total time of PEF treatment (tPEF) defined as

t PEF = nti , varied from 10 to 50 ms. These PEF parameters were chosen on the basis of study
of Loginova et al. (2010), in which E = 600 V cm-1 and 10 to 50 ms of PEF treatment time
were proved to be able to efficiently cause damage of chicory tissue. The juice temperature
inside the treatment chamber was measured by a teflon-coated T-type thermocouple (±0.1 K).
Temperature elevation during the PEF-treatment did not exceed 5 °C.
II.2.2.3 Generator III
The high intensity PEF treatment was applied using a 40 kV PEF generator (Tomsk
Polytechnic University, Tomsk, Russia) (Fig. II.5). The electrodes of the treatment chamber
were two parallel disks. The electrode area was 95 cm2. The generator provided exponential
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decay pulses. Pulse duration was ti=10 µs and the frequency of pulses was 0.5 Hz. One train
of 100 pulses was used for the chicory treatment. Temperature and electrical resistance of
chicory tissue were measured immediately after the treatment.

Figure II.5 40 kV PEF generator (a) and PEF treatment cell (b)
Table II.4 Main characteristics of 40 kV generator
Parameters

Value

Tension
Current
Number of pulses
Pulse duration
Period

40 000 V
10 000 A
Continue
10 μs
2s

II.2.3 Inulin extraction
II.2.3.1 Laboratory scale extraction
The diffusion cell was a glass beaker supplied with magnetic stirrer and digital
thermoregulator (10–1300 min-1, Fisher Scientiﬁc) (Fig.II.6). The PEF treated or untreated
chicory samples (50 g) were placed into a diffusion cell. The diffusion cell with distilled water
was preheated at the desired temperature (30-80oC). The liquid-solid ratio was fixed at the 3.
The diffusion cell was closed during the diffusion process. In order to avoid any evaporation.
The speed of agitation was fixed at 60 rpm.
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Figure II.6 (a) Photo and scheme representation of extractor laboratory scaled diffusion.

II.2.3.2 Pilot scale extraction
Pilot scale extraction was carried out in a previously developed pilot-scale extractor
(Loginova et al. 2011). Construction of this extractor is based on the principle of
countercurrent between cossettes and extracting water. It consists of 12 separated extraction
sections. The corps of extractor has a double envelope to maintain the desired temperature of
extraction. The PEF treatment chamber containing two stainless steel electrodes is specially
designed and isolated from other sections (Fig II.7). The perforated plastic baskets were used
for transportation of the cossettes. Extracting water (≈11L h -1) flowed in the opposite direction.
Thus, in the established regime of extraction, baskets were moved manually between the
neighboring sections (from section 1 to section 2, from section 2 to section 3, … and from
section 11 to section 12) every 7.5 min. 1.4 kg extracting water was added to section 12
every 7.5 min to contact with most exhausted cossettes, juice flowed from section 12 to
section 11, from section 11 to section 10, and from section 2 to section 1, and the most
concentrated juice was produced in section 0, which was specially designed for storing of
concentrated juice. 1.4 kg concentrated juices were pumped out from section 0 every 7.5 min.
For the PEF treatment, the basket with fresh chicory cossettes was installed in the treatment
chamber. The cell was filled by tap water at 30 oC. Then the water from treatment cell was
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drained, while the basket with cossettes was moved to the section 1 for extraction. The total
time of extraction was td = 7.5 min×12 = 90 min. In our experiments, extraction temperature
varied from 30 oC to 80 oC. Each basket was filled with 1kg of chicory cossettes and the liquid
to solid ratio was maintained at 140% according to industrial practice. Therefore, 8 kg of
chicory roots were put into the extractor and 11.2 kg juice was outputted from the extractor
per hour.
The portions of juice were regularly taken from the different sections of extractor to
measure their characteristics (content of soluble matter (°Brix), inulin concentration and
purity) after diffusion process. The portions of pulp were taken to measure inulin content and
dry mass.

Figure II.7 (a) Scheme representation of extractor and (b) Photo of extractor
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II.2.4 Filtration equipments and methods
II.2.4.1 Dead-end filtration
A dead-end filtration cell Amicon 8200 (Millipore, Billaica, USA) was used for dead-end
filtration (Fig II.8). As shown in Fig II.8 (a), the internal diameter of the cell is 6.35 cm and
the maximum volume is 180 mL. The used membrane was located on the supporter at the
bottom of the cell. The effective membrane area is 3.17·10-3 m2 and the maximal applied
pressure could reach 5 bars.
In purification study, for each ultrafiltration experiment, 100 mL of feed juice was used,
and 70 mL of filtrate was obtained. Three types of hydrophilic polyethersulfone ultrafiltration
membranes (Microdyn-Nadir GmbH, Germany) with molecular weight cut-off (MWCO) of 5,
50 and 150 kDa were used to purify feed juice. A new membrane was used for each set of
experiments. The stirring was done by means of magnetic stirrer fixed over the membrane
surface and rotating at the constant rate of ω=500 rpm. Ultrafiltration experiments were
performed at room temperature applying trans-membrane pressure (TMP) of 1, 2, and 4 bars.
The mass of filtrate during filtration was recorded by a computer.
In clarification study, the temperature of the feed juice was maintained at 50±1oC during
the filtration. Compressed air was used to supply a TMP of 1 bar. Membranes with molecular
weight cut-off (MWCO) or pore sizes of 100 kDa, 0.15 µm, 0.2 µm and 0.45 µm were used to
clarify the feed juice. A magnetic stirrer fixed over the membrane surface provided a constant
stirring speed of 350 rpm. For each experiment, 180 mL of feed juice was concentrated to 90
mL. The mass of permeate was recorded with time by a computer during filtration for further
calculation. Filtration permeates (90 mL) and the corresponding retentate (90 mL) were
collected for subsequent analysis.
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Figure II.8 (a) Structural presentation of dead end filtration cellule and (b) scheme representation of dead
end filtration.

II.2.4.2 Dynamic Filtration using Rotating Disk Module (RDM)
The RDM module, shown in Fig. II.9 (a) and (b), was used for clarifying chicory juice. A
flat membrane, with an effective area of 176 cm2 (outer radius R1 = 7.72 cm, inner radius R2 =
1.88 cm), was fixed on the cover of the cylindrical housing in front of the disk. The disk
equipped with 6 mm-high vanes, which can generate very high shear rates on the membrane,
can rotate from 500 to 2500 rpm. The module was fed from a thermostatic and stirred tank
containing 12 L of fluid by a volumetric diaphragm pump (Hydra-cell, Wanner, USA). The
peripheral pressure (Pc) was adjusted by a valve on outlet tubing and monitored at the top of
the cylindrical housing by a pressure sensor (DP 15–40, Validyne, USA), and the data was
collected automatically by a computer. Permeate was collected in a beaker placed on an
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electronic scale (B3100 P, Sartorius, Germany) connected to a computer in order to measure
the permeate flux.
For each experiment, a new membrane was used. The membranes (100 kDa, 0.15µm,
0.2µm and 0.45µm) were soaked in ethanol solution (50%) for 30 minutes, then washed with
deionized water and soaked in deionized water for at least 24 h prior to use. Membranes were
pre-pressured with deionized water for 60 min under a pressure of 200 kPa at 25 °C and then
the pure water flux of membranes was measured at TMP of 50, 100, 150 and 200 kPa.
Experiments were carried out in both full recycling mode and concentration mode. For
full recycling tests, 4L of feed juice was used. Before the experiments started, feed juice was
heated to 50°C, and the membrane was re-stabilized, at a feed flow rate of 120 L h−1, TMP of
75 kPa, at rotating speed of 2000 rpm during 20 minutes. After stabilization, the rotating
speed was decreased from 2000 rpm to 1500 rpm, 1000 rpm and then 500 rpm. Under each
rotating speed, TMP was increased gradually from 75 kPa to 150 kPa and then decreased
directly back to 75 kPa to study the flux decline. Samples were collected at 75 kPa and 150
kPa for each rotating speed. After filtration, the RDM system was cleaned with water for 30
minutes and then with a P3-ultrasil 10 (Ecolab, USA) detergent at two concentrations (0.1%
and 0.5%, thus, pH=10 and 11 respectively). After cleaning, pure water flux was measured
again at a rotating speed of 500 rpm.
In concentration tests, 12 L feed juice were concentrated to a retentate of 1.2 L. Feed
juice was heated to 50°C, before the experiments started. Then the membrane was
re-stabilized with full recycle mode, at a rotating speed of 2000 rpm and a TMP of 100 kPa
for 20 minutes. After stabilization, a concentration test was carried out under same operating
conditions. Every 0.5 L permeate (0.3 L when retentate was less than 1.5 L) samples were
taken for analysis.
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Figure II.9 Schematic diagram of the RDM (a) and experiment set-up (b)

II.2.4.3 Dead-end filtration using rotating disk module
The RDM module, shown in Fig.II.10, was used for chicory juice filtration. A flat
membrane, with an effective area of 176 cm2 (outer radius R1 = 7.72 cm, inner radius R2 =
1.88 cm), was fixed on the cover of the cylindrical housing in front of the disk. The disk
equipped with 6 mm-high vanes, which can generate very high shear rates on the membrane.
The shear rate could be adjusted by modifying rotating speed of the disk.
The module was fed from a 1 L reservoir connected to compressed air (with a maximum
pressure of 6 bar). Permeate was collected in a beaker placed on an electronic scale (B3100 P,
Sartorius, Germany) connected to a computer in order to measure the permeate flux. 1L feed
juice was used. Experiment was finished until 800 mL permeate was collected. For each
experiment, a new membrane of 50 kDa (molecular weight cut off, MWCO) was used.
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Figure II.10 Scheme of RDM assisted dead-end filtration experimental equipments photo.

II.2.4.4 Calculated parameters
The permeate flux (J) was calculated by:

J=

1 dV p
A dt

(II.1)

where A is the effective membrane area (m2), Vp is the total volume of permeate (m3), and t is
the filtration time (s).
The flux decline (FD) can be expressed as a percentage of feed permeate flux decrease:
FD =

J ai − J af
J ai

(II.2)

× 100

where Jai and Jaf are permeate fluxes at the beginning and end of filtration, respectively.
The volume reduction ratio (VRR) is defined as:

VRR =

Vf

(II.3)

Vc

where Vf is initial feed volume and Vc concentrate volume.
The mean membrane shear rate (γm s-1) for our RDM system can be calculated by the
following equation (Jaffrin, 2008):

γm =

0.0164 R8 5 (kω )9 5

(II.4)

ν45

where R is the outer membrane radius (m) and k is the velocity factor (0.89 for this RDM
system, (Frappart et al., 2006)), ω the disk angular velocity(rad s-1) an d ν is th e fluid
kinematic viscosity (m2s-1).
Energy consumption per m3 of permeates (specific energy, Ec) for the rotating disk is
represented by:
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Ec =

Pd
Qf

(II.5)

where Pd is the power of rotating disk motor (kW), and Qf is the permeate ﬂow rate (m3h-1)
Pd can be calculated by (Luo et al., 2010)
(II.6)

Pd = 0.141e0.000756 N

where N is the rotating speed of disk motor (rpm).
The mean TMP is obtained by integrating the local pressure over the membrane area as
follows (Bouzerar et al., 2000):

TMP = p c −

1 2 2 2
ρk ω R
4

(II.7)

where pc is the measured peripheral pressure (Pa), ρ is the density of the fluid (kg·m-3), k is
the velocity factor (0.89 for this system), ω is the disk angular velocity (rad·s-1) and R is the
housing inner diameter (m).
The solute transmission is defined as:
Transmission (%) =

Cp
CR ,av

× 100

(II.8)

where Cp is the solute concentration in permeate (g/100g permeate), and CR,av is the average
concentration in retentate during the filtration period (g/100g retentate).
II.3 Physico-chemical analysis
II.3.1 Dry mass of chicory root
Dry mass of chicory root was measured by mass difference before and after 24 hours
drying in oven at 105oC.
II.3.2 Analysis of juice and permeate
II.3.2.1 Soluble matter
Soluble matter measurements (°Brix) were done, at room temperature, by means of a
digital refractometer PR-32α (ATAGO Co., LTD, Japan).
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II.3.2.2 Inulin content
In this study inulin content was measured by two methods:
(1) Inulin content was analyzed using a high performance liquid chromatography (HPLC)
(Monti et al., 2005). The samples were adjusted with HCl (1 mol/L) solution to assure the
pH in the range of 3.9-4.5, then hydrolyzed by novozyme (NOVO inulinase Fructozyme®
(previously called SP230)), incubating at 60-62oC for 2 hours. After a filtration with a
0.45 µm membrane, 20 µL of the filtrates were injected in the HPLC column (Rezex
RKP-potassium K+8%, 300×7.8 mm), column temperature was 85oC. Water with a flow
rate of 0.5 ml min-1 was used as the mobile phase. The retention time was about 30 min.
The areas of the identified HPLC peaks were calculated and were used to confirm the
inulin concentration by comparison with standards.

Figure II.11 HPLC pattern for inulin analysis (supplied by COSUCRA).

(2) Inulin content was also be measured by photometric method. The inulin concentration
(total fructose and glucose concentration after hydrolysis) in hydrolyzed juice was
determined

by

photometric

method

using

the

kit

ENZYTECTM

fluid

D-Glucose/D-Fructose, the details of analysis are presented in ENZYTECTM fluid
D-Glucose/D-Fructose Id-No: 5160. The juice purity was defined as the ratio of inulin
content in juice (g/100g) to soluble matter content in juice (g/100g).
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II.3.2.3 Purity
The purity P of juice was calculated as the mass percentage ratio of inulin to the total
soluble solids (oBrix) in the filtrate or juice.
II.3.2.4 Turbidity
Turbidities of extracted juice and retentate after filtration were measured with a Ratio
Turbidimeter (Hach, USA). Distilled water used for the calibration of the turbidimeter. If
necessary, samples were diluted to reach the measurable range.
II.3.2.5 Absorbance
A spectrophotometer Libra S32 (Biochrom Ltd., Cambridge Science Park, Cambridge,
Angleterre) was used to perform the absorbance measurement. The wavelength could be
varied from 190 to 1100 nm, with a precision of 0.7 nm). A quartz cuvette (Hellma, Mullheim,
Allemagne) with a width of 10 mm was used in this study.
II.3.2.6 Proteins
The concentration of proteins was determined by means of Bradford method (Bradford,
1976). The details of analysis are presented in Technical Bulletin for Bradford Reagent (B
6916, Sigma–Aldrich). Based on this method, 7 standard solutions with various BSA (Bovine
Serum Albumin) concentrations (0-25 μg/ml) were prepared for standard line. 500 μl water,
400 μl Bradford reagent and 100 μl sample (water for blank) were introduced into the tube
successively, the mixture was mixed with a Vortex, and the absorbance was measured at 595
nm, then the protein concentration was calculated using the standard line.
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Figure II.12 Standard line of BSA for protein analysis.

II.3.2.7 Coloration
The coloration of juices were measured and calculated according to recommendations of
International Commission for Uniform Methods of Sugar Analysis (ICUMSA). The juice was
pre-filtered through the 0.45μm membrane and then the absorbance was measure at 420 nm.
The coloration of juices was calculated as:

Coloration
= ( Aborbance at 420 nm × 105 ) Brix

(II.9)

II.3.2.8 Carbohydrate
Carbohydrate contents of samples were measured by the phenol sulphuric acid method
(Dubois et al., 1956; Wei et al., 2007) using inulin (Arcro Organics) as standard. 7 standard
solutions with various inulin concentrations (0-0.053 g/l) were prepared for standard line. 2
mL sample solution was pipetted into a colorimetric tube, and 1 mL of 5% phenol was added,
then 5 ml of concentrated sulfuric acid was added rapidly, the stream of acid being directed
against the liquid surface rather than against the side of the test tub in order to obtain a good
mixing. The tubes were allowed to stand 10 minutes, then they were shaken and placed for 20
minutes in a water bath at 25oC before readings are taken. The color is stable for several hours
and readings may be made later if necessary. The absorbance of the characteristic yellow
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orange color is measured at 490 nm. Blanks are prepared by substituting distilled water for the
sample solution. The amount of carbohydrate (from 0.01-0.05 g/L) may then be determined
according to the standard line.

Figure II.13 Standard line of inulin for carbohydrate concentration
II.3.2.9 Particle size
The volume-based function of particle size distribution SDF (%) of extracted juice was
measured using an analytical photocentrifuge LUMiSizer 610.0–135 (L.U.M. Gmbh,
Germany). Rectangular plastic optical cells, supplied by the photocentrifuge manufacturer,
with the optical path length of 10 mm and cross-sectional area of 7×10-5 m2, were used. SDF
was calculated using the original software SEPView 5.1 (L.U.M. Gmbh, Germany) for
granulometric analysis.
II.4 Extraction and filtration behavior study
II.4.1 Modeling of pilot extraction
During pilot scale diffusion investigation, the diffusion of soluble matter from chicory
cossette to water is limited by the diffusion process (from center of the chicory cossette to the
inner boundary of the cossette), the resistance of diffusion from outer boundary layer of the
cossette to the water is considered negligible due to the movement of water during diffusion
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test. According to Mafart and Beliard (2004), the flux density of soluble matter can be
expressed as:
(II.10)

d ( MC )
=
−kA(C − C ')
dt

where M (kg) is the masse of solids (slices), k (kg m-2s-1) is the coefficient of mass transfer, A
(m2) is the surface of transfer, t (s) is the time, and C and C’ are mass proportion of soluble
matter in the cossette and water, respectively. For the continuous extractor functioning in the
regime of “piston flow”

dt =

dX
, where v (m s-1) is the linear velocity of slices in the
v

extractor, and X (m) is the space coordinate. Equation (II.10) should be completed by the mass
balance equation:
•

•

(II.11)

•

M=
C X M CL + M ' C ' X
•

•

where M and M ' (kg s-1) are respectively the rates of solids (slices) and liquid which are
supposed to be constant, C X (°Brix) is the solute concentration in solids at the distance X
from the entrance of extractor ( C X = C0 when X=0, and C X = CL when X=L). Combining
equations (II.10) and (II.11), one can obtain (Mafart and Beliard, 2004):
K (σ − 1) X
(σ − 1) exp[−
]
CX
v
×100 =
×100
Y (%) =
K (σ − 1) X
C0
σ − exp[−
]
v

(II.12)

where Y is the solute yield in solids (%), K (s-1) is the modified coefficient of mass transfer,

kA
K=
and σ is the liquid to solids ratio,
M

•

σ = M'

•

. Therefore, coefficient of mass

M

transfer of diffusion process can be calculated by fitting the Y-X curve with equation II.12.
Ⅱ.4.2 Modeling of filtration behavior
The general filtration equation is as follows (Gokmen and Cetinkaya, 2007):

dV APtm
=
dt µ Rtot

(II.13)
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where V (m3) is the filtrate volume, t is the filtration time (s), A is the effective membrane area
(m2), μ is the viscosity (Pa·s) of the feed juice, Ptm is the transmembrane pressure (Pa) and Rtot
is the total filtration resistance (m-1).
De La Garza and Boulton (1984) proposed an exponential model, presented in Eq.(II.14),
assuming that the total resistance (Rtot) to filtrate flow is empirically related to the filtrate
volume. This exponential model was successfully used in various studies, such as soluble rice
bran ﬁber ultraﬁltration (Wan et al., 2012), apple juice ultrafiltration (Gokmen and Cetinkaya,
2007) and stevia extract microfiltration (Reis et al., 2008).
(II.14)

Rtot =Rm exp( kV / A)

where Rm is the membrane resistance (m-1) and k is the exponential fouling coefficient (m-1).
According to De La Garza and Boulton (1984), the value of k depends on many factors such
as feed composition, operation conditions and membrane properties.
By substituting Eq. (II.14) to Eq. (II.13), one can obtain Eq. (II.15):

APtm
dV
=
dt µ Rm exp(kV A)

(II.15)

Eq.( II.15) was rearranged as Eq.( II.16), and integrated to obtain Eq.( II.17) by applying
the boundary conditions (V=0 at t=0, and V=V at t=t).
t

µ Rm

∫ dt = AP ∫
0

=
t

tm

V

0

exp(kV A)dV

µ Rm
(exp(kV A) − 1)
kPtm

(II.16)

(II.17)

On the basis of Eq. (II.17), one can obtain Eq. (II.18) to show relationship between filtrate
volume (V) and filtration time (t).

V
=

A kPtm
t + 1)
ln(
k
µ Rm

(II.18)

Through Eq. (II.18), the value of k can be determined by fitting experimental data to this
equation. By comparison the value of the exponential fouling coefficient (k), one can evaluate
the fouling situation affected by feed juice quality, operation conditions，membranes and
filtration equipements.
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Chapter III Intensification of Inulin Extraction
III.1 Introduction
Previous study about PEF assisted inulin extraction from chicory roots were reported by
Loginova et al. (2010). In this study the benefits of PEF (field strength 100–600 V cm-1, time
of treatment 10-3–50 s) for the enhancement of soluble matter extraction (temperature
20-80°C) from chicory tissue were demonstrated. The PEF pretreatment removed cell
membrane barriers and noticeably accelerated solute extraction even within a temperature
range of 20–40oС. However, the results presented by Loginova et al. (2010) were obtained
from small scale extractions (400 mL), which were realized using a batch extraction chamber.
Moreover, inulin concentration was not analyzed during the investigation of Loginova et al.
(2010). Therefore pilot scale inulin extraction from chicory roots is interesting to be carried
out for the purpose of
(1) verifying the effectiveness of PEF pre-treatment in inulin extraction from chicory
roots;
(2) approaching industrial chicory juice diffusion scale;
(3) searching for PEF assisted low temperature inulin extraction process,
(4) calculating energy benefit compared with traditional chicory juice diffusion;
(5) producing a large quantity of chicory juice for afterwards chicory juice purification.
In the first part of this chapter (details are presented in article I Pilot scale inulin
extraction from chicory roots assisted by pulsed electric fields), a counter-current pilot–scale
extractor was used for inulin extraction from chicory roots pre-treated by PEF. The influence
of PEF parameters (electric field intensity E=600 V cm-1, which was determined according to
results of Loginova et al. (2010) for effective denaturation of chicory tissue, treatment
duration tPEF =10-50 ms) and diffusion temperature (varied between 30-80oC) on soluble
matter extraction kinetics, inulin content of juice, and pulp exhaustion are investigated. The
draft (liquid to solid mass ratio) was fixed at 140%, similar to the industrial conditions. A
recording of the temperature profile and concentration along the diffuser permitted to define
the necessary time to reach the steady-state. In our case, a steady-state was reached after 90
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min. Results showed that PEF treatment facilitated extraction of inulin at conventional
diffusion temperature (70-80oC). After PEF treatment, diffusion kinetic at 80oC (with a
modified transfer coefficient of 6.78 ×10-2 s-1) was significantly more rapid than diffusion at
80oC without PEF treatment (with a modified transfer coefficient of 5.43 ×10-2 s-1). Diffusion
temperature can even be reduced by 10-15oC with comparable juice inulin concentration (11.6
g/100mL). Comparison between PEF treatment duration of 10 and 50 ms evidenced that a
PEF treatment of 10 ms was sufficient for effective inulin extraction. Less energy
consumption can be achieved by reducing PEF treatment temperature from about 75oC to
50-60oC.
Diffusion temperature and PEF pre-treatment were two elements to facilitate inulin
extraction from chicory roots. At high diffusion temperature (for instance 80oC), effect of PEF
pre-treatement was not very significant, but for lower temperature diffusion (60oC or lower)
more intense PEF pre-treatment should be applied to ensure inulin extraction yield. Moreover,
during pilot-scale inulin extraction investigation, purity of extracted juice at “cold” conditions
(purity of 89% at 30oC) was obviously higher than that of juice extracted at moderate and
higher temperature (purity of 87% at 60oC). Since lower diffusion temperature means less
energy consumption and higher purity means less purification cost, realizing inulin “cold”
extraction from chicory root with both desirable purity and productivity will be interesting for
inulin industrial productions.
It may be speculated that in pilot scale inulin extraction, PEF intensities were insufficient
for the important cell damage of chicory tissue, especially for inulin diffusion at ambient
temperature. A part from electroporation by high PEF treatment, tissue softening by
preheating may also contribute to a better cell damage and to the enhancement of the
following solute extraction (inulin, sucrose, polyphenol and colorant). Therefore, in the
second part of this chapter (details are presented in article II Better damage of chicory tissue
by combined electroporation and ohmic heating for solute extraction) PEF generated
combined electroporation/ohmic heating was applied for investigation of permeabilization of
chicory tissue and soluble matter and inulin extraction from chicory root.
For the electroporation of cell membranes, moderate (400-1000 V/cm) and high
(10000V/cm) PEF treatments were applied by varying pause duration between the trains of
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individual pulses. Ohmic heating was induced by a decrease of pause duration and an increase
of the number of trains N. Temperature dependence of tissue damage degree Z is evaluated for
the different PEF intensities. The higher electric field strength results in electroporation at
lower temperature of chicory tissue. For example, at 400 V/cm, electrical disintegration index
Z reaches its maximal value Z= 0.6 at the treatment temperature of 62oC, while at 800 V/cm,
higher value of Z=0.9 is reached at a lower temperature of 55oC. At the highest value of
electric field strength (10000 V/cm), the value of Z=1 is reached at the temperature of 23°C.
By comparing Z evolution of chicory tissue during PEF treatment with different pauses
between the individual trains (therefore with different ohmic heating), we observed that with
higher ohmic heating, chicory tissue was faster and better damaged.
Solute extraction kinetics from chicory tissue treated by moderate (E=400 -1000 V/cm) and
high (E= 10000 V/cm) PEF were then investigated. The temperature was fixed at 30oC to
exclude additional damage of chicory tissue during extraction experiment. Results show that
more rapid diffusion kinetics can be achieved by pre-treating chicory tissue to higher value of
Z. However, no significant difference can be observed between diffusion kinetics of chicory
tissue pretreated to Z >0.8. Moreover, solute yield from the chicory tissue pretreated to the
same values of Z is nearly the same whatever is the PEF intensity. It means that ohmic heating
does not worse the solute extraction yield from chicory tissue. Analytical solution of the
diffusion equation for the well-stirred limited volume (Crank, 1975) was successfully used for
estimation of the diffusion coefficient D in electrically and thermally damaged chicory tissue.
The solute diffusivity D, for different PEF treatments, is nearly the same for same values of Z.
For instance, for the partly damaged chicory tissue (Z=0.4) the value of D is about 2.4×10-10
m2/s whatever is the PEF intensity (400, 600 or 800 V/cm), while for the totally damaged
chicory tissue (Z=1) the value of D is about 5×10-10 m2/s for the PEF intensities of 1000 and
10000 V/cm. Juice purity from chicory tissues pretreated to the same Z (Z=0.4) by PEF of
different intensities were also analyzed. Juice purities are about the same (84%) after PEF
treatments between 400 and 800 V/cm.
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Article I

III.2 Article I Pilot scale inulin extraction from chicory roots assisted by pulsed electric
fields
Abstract
A pilot study for the pulsed electric fields (PEF) assisted countercurrent diffusion of inulin
from chicory roots is presented. The influence of PEF parameters (electric field intensity
E=600 V cm-1, treatment duration tPEF =10-50 ms) and diffusion temperature (varied between
30-80oC) on soluble matter extraction kinetics, inulin content of juice, and pulp exhaustion
are investigated. The draft (liquid to solid mass ratio) was fixed at 140%, similar to the
industrial conditions. PEF treatment facilitates extraction of inulin at conventional diffusion
temperature (70-80oC), and diffusion temperature can even be reduced by 10-15oC with
comparable juice inulin concentration. Less energy consumption can be achieved by reducing
PEF treatment duration to 10 ms which is observed sufficient for effective extraction.
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Pilot scale inulin extraction from chicory roots assisted by pulsed
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Summary

A pilot study for the pulsed electric ﬁelds (PEF) assisted countercurrent diﬀusion of inulin from chicory roots
is presented. The inﬂuence of PEF parameters (electric ﬁeld intensity E = 600 V cm)1, treatment duration
tPEF = 10–50 ms) and diﬀusion temperature (varied between 30 and 80 C) on soluble matter extraction
kinetics, inulin content of juice, and pulp exhaustion are investigated. The draft (liquid to solid mass ratio)
was ﬁxed at 140%, similar to the industrial conditions. PEF treatment facilitates extraction of inulin at
conventional diﬀusion temperature (70–80 C), and diﬀusion temperature can even be reduced by 10–15 C
with comparable juice inulin concentration. Less energy consumption can be achieved by reducing PEF
treatment duration to 10 ms, which is observed suﬃcient for eﬀective extraction.

Keywords

Chicory, inulin, pilot countercurrent extraction, pulsed electric ﬁeld.

Introduction

Inulin is widely used in diﬀerent food products for fat
replacement and calorie reduction (Villegas & Costell,
2007). Inulin, a kind of fructan, is presented in various
plants, such as chicory root, dahlia tuber, Jerusalem
artichoke, and burdock root (Milani et al., 2011).
Among these inulin-containing plants, chicory root is
considered the most adapted plant for the industrial
production of inulin.
Conventionally, inulin is extracted from sliced chicory
roots by hot water at 70–80 C in continuous countercurrent extractors with an extracting time of 1.5–2 h.
The technology of inulin extraction from chicory roots
is similar to the saccharose extraction from sugar beets
(Van der Poel et al., 1998). The thermal extraction leads
to the breakage of cellular membranes and tissue
denaturation. The technological objective of thermal
denaturation of chicory tissue is to improve the inulin
transport through the tissue into the extraction liquid.
However, the prolonged thermal extraction duration
(1.5–2 h) results in multiple changes of the cell structure
and alteration of the plant tissue. Not only the cell
membranes are destroyed, but also the cell walls can also
change their inner chemical structure through hydrolytic
degradation reactions. Besides inulin, other cell components, for instance proteins and colorants, penetrate the
*Correspondence: Fax: +33-3-44234686;
e-mail: olivier.bals@utc.fr

cell wall and pass into the juice. Consequently, the inulin
juice puriﬁcation requires many steps, such as clarifying,
ﬁltration and decolorization (William, 1927). Moreover,
heating implies signiﬁcant energy consumption.
Alternative extraction methods were tested to recover
the inulin from chicory roots and other inulin enriched
plants, including supercritical carbon dioxide (CO2)
(Mendes et al., 2005), ultrasound (Wei et al., 2007) and
simultaneous ultrasonic ⁄ microwave assisted extraction
(Lou et al., 2009). Although these methods can eﬀectively shorten the extraction time, their application on
the industrial scale for the continuous inulin extraction
is not reported.
During the last decade, considerable progress has been
done in the development of pulsed electric ﬁeld (PEF) for
the extraction from fruits and food plant materials (Jemai
& Vorobiev, 2002, 2006; Altuntas et al., 2010; Vorobiev
& Lebovka, 2008, 2010). The application of PEF with
very short duration (generally from several microseconds
to several milliseconds) causes a limiting damage to cell
tissue. Under the eﬀect of PEF, the biological membrane
is electrically pierced (electroporated) and loses its semipermeability temporarily or permanently (Weaver &
Chizmadzhev, 1996), allowing the passage of small or
bigger molecules to the surrounding liquid. The protocol
of the electrical treatment can be chosen to optimise the
intensity and selectivity of extraction.
Recent studies showed, that membrane electroporation of plant materials (fruits, vegetables) with moderate
electric ﬁelds (0.5–5 kV cm)1) can be very eﬀective for
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the extraction of valuable plant compounds (polysaccharides, proteins, aromas, ﬂavours etc.) (Boussetta
et al., 2009; Ganeva et al., 2003; Jaeger et al., 2008;
Sensoy & Sastry, 2004; Yin et al., 2009). Recently, the
PEF-assisted extraction from sugar beets was also
intensively studied (Bouzrara & Vorobiev, 2000, 2003;
El-Belghiti & Vorobiev, 2004; El-Belghiti et al., 2005a,b;
Jemai & Vorobiev, 2005; Lebovka et al., 2007a; López
et al., 2009; Vorobiev et al., 2005).
However, on our knowledge, there exists only one
published study concerning the PEF assisted inulin
extraction (Loginova et al., 2010). In that study, the
beneﬁts of PEF (ﬁeld strength 100–600 V cm)1, time of
treatment 10)3–50 s) for the enhancement of water
extraction (temperature 20–80 C) from chicory tissue
were demonstrated. The activation energy of conventional thermal damage of chicory tissue was rather high
(Ws  263 kJ mol)1), however, it was noticeably reduced to Ws = 30–40 kJ mol)1 by application of PEF
treatment. The PEF pretreatment removed cell membrane barriers and noticeably accelerated solute extraction even at the temperatures within 20–40 C.
However, the results presented by Loginova et al.
(2010) are restricted by the small scale of the study
(single tissue sample), and were realized using a batch
extraction chamber. The conventional industrial extractors are continuous apparatus with chicory slices (cossettes) and hot water ﬂowing in countercurrent, and
permitting the inulin juice concentration and cossettes
exhausting during the given time. The form and size of
chicory cossettes, the extraction temperature, the ratio
(draft) of the mass of diﬀusion juice to the mass of
cossettes, and the residence time of cossettes in apparatus (duration of extraction) have the great importance
for the extraction eﬃciency.
This work is aimed to approach the study of inulin
extraction from chicory roots treated by PEF to the
industrial conditions. For this purpose, the special pilot
extractor developed previously for the saccharose
extraction from sugar beets (Loginova et al., 2011b)
and assuring the countercurrent ﬂowing of cossettes and
extracting juice, was used in this study. The parametric
study is realized to investigate the eﬀect of electrical
(intensity of PEF, treatment duration) and main extraction parameters (temperature) on the inulin extraction
kinetics as well as on the juice and pulp characteristics.
Materials and methods

Materials

The ﬁeld-grown roots of the commercial chicory (C.
intybus) with 24.9 ± 0.2% of solid matter content,
75.1 ± 0.2% of water, and 3.9 ± 0.1% of impurities,
were provided by COSUCRA, Belgium, and used
throughout this study. Chicory roots were delivered

every two weeks and were used immediately or after 10
days of storing in a cold room at 4 C. All the
experiments were done in the period between October
and December 2010.
Methods
Slicing of chicory roots

Robot Coupe CL 60 (France) was used to cut the
chicory roots into cossettes with an average volume of
536 mm3 (67 · 4 · 2 mm). The size of slices is an
important factor controlling extraction eﬃciency.
Extraction experiment

Extraction was carried out in a pilot-scale extractor
developed previously for the sucrose extraction from
sugar beets (Loginova et al., 2011b; Loginova, 2011).
Construction of this extractor is based on the principle of
countercurrent between cossettes and extracting water. It
consists of twelve separated extraction sections. The
corps of extractor has a double envelope to maintain the
desired temperature of extraction. The PEF treatment
chamber containing two stainless steel electrodes is
specially designed and isolated from other sections
(Fig. 1a, b). The perforated plastic baskets were used
for transportation of the cossettes. Extracting water
(11 L h)1) ﬂowed in the opposite direction. Thus, in
the established regime of extraction, baskets were moved
manually between the neighbouring sections (from
section 1 to section 2, from section 2 to section 3,…
and from section 11 to section 12) every 7.5 min. 1.4 kg
extracting water was added to section 12 every 7.5 min to
contact with most exhausted cossettes, juice ﬂowed from
section 12 to section 11, from section 11 to section 10,…
and from section 2 to section 1, and the most concentrated juice was produced in section 0, which was
specially designed for storing of concentrated juice.
1.4 kg concentrated juices were pumped out from section
0 every 7.5 min. For the PEF treatment, the basket with
fresh chicory cossettes was installed in the treatment
chamber. The cell was ﬁlled by tap water at 30 C. Then
the water from treatment cell was drained, while the
basket with cossettes was moved to the section 1 for
extraction. The total time of extraction was
td = 7.5 min · 12 = 90 min, which was recommended
by Park et al. (2007) for eﬀective extraction. In our
experiments, extraction temperature varied from 30 C
to 80 C. Each basket was ﬁlled with 1 kg of chicory
cossettes and the liquid to solid ratio was maintained at
140% according to industrial practice (Alard, 1997).
Therefore, 8 kg chicory roots were put into the extractor
and 11.3 kg juice was outputted from the extractor per
hour.
The portions of juice were regularly taken from the
diﬀerent sections of extractor to measure their characteristics [content of soluble matter (Brix), inulin
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(a)

(b)

Figure 1 (a) Scheme representation of extractor and (b) Photo of extractor.

concentration and purity] after diﬀusion process. The
portions of pulp were taken to measure inulin content
and dry mass.
PEF treatment

A pilot PEF generator (Hazemeyer, 5000 V, 1000 A,
France) was used in this study. The PEF generator
provided the monopolar pulses of a near-rectangular
shape. Electric ﬁeld intensity was ﬁxed at E = 600
V cm)1, which was reported to be able to permeabilise
vegetable cell membranes (sugar beet, potatoes, carrot,
apple…) (Lebovka et al., 2007a,b; Grimi et al., 2007).
One train of pulses was used for the PEF treatment.
This train consisted of n pulses (n = 100–500), with
pulse duration ti = 100 ls and pulse repetition time
Dt = 5 ms. The total time of PEF treatment (tPEF)
deﬁned as tPEF = nti, varied from 10 to 50 ms. The
PEF parameters were chosen on the basis of previous
studies on chicory and sugar beet (Loginova et al.,
2010; Lebovka et al., 2007a). The juice temperature
inside the treatment chamber was measured by a
teﬂon-coated T-type thermocouple (±0.1 K). Temperature elevation during the PEF-treatment did not
exceed 5 C.
Measurements and analysis

Soluble matter: Soluble matter measurements (Brix)
were done by means of a digital refractometer PR-32a
(ATAGO Co., LTD, Japan).

Inulin determination: Inulin content in juice, inulin
content in dry mass of pulp and purity of concentrated
juice were measured by COSUCRA laboratory using
High-Performance Liquid Chromatography (HPLC)
(Monti et al., 2005).
Solute yield: Solute yield in extracting liquid Y¢ (%)
and solids Y (%) was calculated using the following
formulas (Moubarik et al., 2011):
Y 0 ð %Þ ¼

C0
 100
C0

ð1Þ

Yð%Þ ¼

C
 100
C0

ð2Þ

where C’and C (Brix) are respectively the actual solute
concentration in extracted juice, and in pulp (slices), and
C0 (Brix) is the initial solute concentration in solids (at
the input of extractor).
Correlation between soluble matter and inulin concentration in extracting liquid: Fig. 2 shows a good
correlation (R2 = 0.97) between the inulin content
(measured by HPLC), and the soluble solutes content
(Brix) in the extracting liquid (diﬀusion juice). Based on
this result, the inulin concentration of juice can be
estimated.
Juice purity: Juice purity was deﬁned as the ratio of
inulin concentration in juice (g 100 g)1) to soluble matter
concentration in juice (g 100 g)1) (Ghosh et al., 2000):
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M CX ¼ M CL þ M0 C0X

ð6Þ





where M and M0 (kg s)1) are respectively the rates of
solids (slices) and liquid which are supposed to be
constant, CX (Brix) is the solute concentration in solids
at the distance X from the entrance of extractor
(CX = C0 when X = 0, and CX = CL when X = L).
Combining equations (5) and (6), one can obtain
(Mafart & Beliard, 2004):
ðr  1Þ exp½ Kðr1ÞX

CX
vr
Yð%Þ ¼
 100 ¼
 100 ð7Þ
Kðr1ÞX
C0

r  exp½
vr

)1

where K (s ) is the modiﬁed coeﬃcient of mass transfer,




0
K ¼ kA
M andr is the liquid to solids ratio, r ¼ M = M.

Figure 2 Correlation between soluble matter content Brix and inulin
concentration in juice (HPLC).

Juice purity ¼

Inulin concentration in juice
soluble matter content in juice

ð3Þ

Energy consumption: The speciﬁc energy consumption Qe (kJ kg)1) of the PEF treatment was calculated
using the following formula (Grimi et al., 2007):
Qe ¼

UItPEF
m

ð4Þ

where U (V) is the voltage, I (A) is the electric current
strength, tPEF (s) is the PEF treatment time, and m (kg)
is the total mass of cossettes and jus in the PEF
treatment chamber.
Statistical analysis

Each experiment was done, at least, three times, and the
means and the standard deviations of the data were
calculated. The error bars in all the ﬁgures correspond
to the standard errors.

Results and discussion

Influence of thermal and PEF effects on the extraction
behavior

Figure 3 presents the yield of solute in extracting liquid
(Y¢) for diﬀerent sections of the pilot extractor operated
at diﬀerent temperatures with or without PEF treatment. The experimental data indicate that in the end
sections (No. 10–12) no obvious diﬀerence of solute
yield can be detected for diﬀerent extraction conditions,
while in the head sections of extractor (No. 0–3) the
solute yield clearly increases for higher extraction
temperatures and with PEF treatment. In section 0,
the solute content of diﬀusion juice, obtained with PEF
treatment at moderate temperatures (50–60 C), is
comparable to that after conventional diﬀusion at
70–80 C (Toneli et al., 2008; Van der Poel et al.,
1998). Moreover, the PEF treatment permits to increase
the concentration of diﬀusion juice at conventional

Extraction modelling

In this paper, we use simpliﬁed assumption that the
solute transfer from chicory root slices to the surrounding liquid is mainly carried out by convection:
dðMCÞ
¼ kAðC  C0 Þ
dt

ð5Þ

where M (kg) is the masse of solids (slices), k (kg m)2s)1)
is the coeﬃcient of mass transfer, A (m2) is the surface of
transfer, and t (s) is the time. For the continuous
extractor functioning in the regime of ‘‘piston ﬂow’’
)1
dt ¼ dX
v , where v (m s ) is the linear velocity of slices in
the extractor, and X (m) is the space coordinate.
Equation (5) should be completed by the mass balance
equation:

Figure 3 Soluble matter yield versus extractor sections.
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diﬀusion temperatures (70–80 C). It seems that PEF
treatment used with conventional diﬀusion temperatures
(70–80 C) can lead to the decrease of extraction
duration. This can be explained by the higher degree
of tissue disintegration obtained with PEF treatment
(El-Belghiti & Vorobiev, 2004, Lebovka et al., 2007).
Figure 4 presents the yield of solute in pulp (Y) for
diﬀerent sections of the pilot extractor operated at
diﬀerent temperatures with or without PEF treatment.
Figure 4 shows that in sections No. 10–12, the solute
content in pulp (residue), obtained with PEF treatment at
the diﬀusion temperature of 60 C is close to that
obtained after conventional extraction at 80 C. Moreover, for the extraction at 30 C with PEF treatment, the
solutes losses in the residue are just slightly higher than
those obtained at 80 C without PEF treatment. As can
be observed in Fig. 4, the simpliﬁed model (equation (7))
ﬁts rather well the experimental data. The values of the
modiﬁed transfer coeﬃcient K, calculated from Eq. (7)
are presented in the Table 1. With PEF treatment, the
values of K remain rather close for the diﬀusion at
temperatures of 60–80 C. Just at lower temperature
(30 C) the diﬀusion from PEF treated chicory tissue
becomes somewhat slower. It should also be noted that
the value of K60C (6.37 · 10)2) with PEF treatment is
higher than K80C (5.43 · 10)2) without PEF treatment.
The application of PEF permits to accelerate the solute
transfer even at lower temperatures. Loginova et al.
(2010) also reported the increase of diﬀusion coeﬃcient of
chicory tissue, especially at the temperature lower than
60 C, when diﬀusion experiments were carried out at the
laboratory scale. This can be explained by the additional
eﬀect of membrane electroporation by PEF. The solute
transfer is more rapid through pores induced by PEF.

Figure 4 Fitting of the residue of soluble matters in pulps versus
extractor sections.

Figure 5 presents the inulin content in the diﬀusion
juice (a) and in the residue (pulp) (b), after extraction
process (90 min) under diﬀerent operation conditions.
The diﬀusion juice was sampled from section No. 0 of
the extractor, and the pulp was sampled from section
No. 12 of the extractor. Figure 5a shows that with
increase of the diﬀusion temperature from 30 to 80 C,
the quantity of inulin extracted from PEF-treated slices,
rises from 10.68 to 12.18 g 100 mL)1, therefore 1.20–
1.36 kg inulin were output of the extractor per hour,
according to the diﬀusion parameters. It can also be
noted that the quantity of inulin extracted at 70–80 C
from the PEF-treated slices is higher than the quantity
of inulin extracted at the same temperatures from the
untreated slices. For instance, the quantity of inulin
extracted from PEF-treated slices at the temperature
70 C is increased by 6.99% compared to the quantity of
inulin extracted at the same temperature from the
untreated slices. Figure 5a conﬁrms that the inulin
content in the juice obtained at 50–60 C from PEFtreated slices is comparable with that obtained at
70–80 C from the untreated slices. These results correspond well with the previous study of Loginova et al.
(2010) showing the same tendency for the batch extraction from the small single sample of chicory tissue.
The data presented in Fig. 5b for the inulin content in
exhausted pulp (after 90 min of extraction), correspond
logically to the data presented in Fig. 5a. The pulp is
better exhausted at higher temperatures 70–80 C. For
instance, the inulin content remaining in pulp after the
PEF treatment and extraction at 70 C was practically
in two times lower than that after the PEF treatment
and extraction at 30 C. It can also be noted that the
inulin content in the pulp after PEF treatment and
extraction at 70–80 C is lower than those after extraction at the same temperatures but without PEF treatment. For instance, the quantity of inulin remaining in
the pulp after PEF treatment and extraction at 70 C is
decreased by 11.63% compared to the quantity of inulin
remaining in pulp after extraction at the same temperature but without PEF. The inulin losses in the pulp
obtained at 50–60 C from PEF-treated slices are
comparable with those obtained at 70–80 C from the
untreated slices, which corroborates well with the results
obtained for the losses of total soluble matter (Fig. 4).
Results of the purity of concentrated juice are
presented in Fig. 6. Juice purity was deﬁned as the ratio
of inulin concentration in juice to soluble matter
concentration in juice. The juice was sampled from
section No. 0 of the extractor. Figure 6 shows that, for
PEF treated slices, the purity of juice decreases from
89.25% to 87.10% with increase of diﬀusion temperature from 30 to 60 C. However, for the diﬀusion at
higher temperatures (60–80 C), the purity of juice
extracted from PEF treated slices remains nearly constant and close to that obtained by conventional
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Table 1 Values of K at diﬀerent diﬀusion conditions
Diffusion conditions
)2 )1

K (10 s )
r2

80 °C without PEF

80 °C with PEF

70 °C with PEF

60 °C with PEF

30 °C with PEF

5.43 ± 0.24
0.984

6.78 ± 0.33
0.983

5.99 ± 0.34
0.979

6.37 ± 0.24
0.990

4.48 ± 0.18
0.984

(a)

(b)

Figure 6 Comparison of juice purity after diffusion of 90 min with and
without PEF treatment.
Figure 5 Inulin content in juice (a) and pulps (b) versus extraction
temperature after extraction (td = 90 min) with and without PEF
treatment (E = 600 V cm)1, tPEF = 50 ms).

(a)

extraction without of PEF treatment. Other studies
(Loginova et al., 2011b; Grimi et al., 2007) also showed
that the size of slices could aﬀect the juice purity. With
smaller slices, the quantity of mechanically disrupted
cells rises and the total surface for solute transfer
increases. Consequently, extraction process becomes
more eﬃcient and the quantity of the extracted juice
including inulin increases. However, the ﬁne slicing can
lead to the higher concentration of sub-micron particles
in the juice and reducing of juice purity.

(b)

Influence of PEF treatment time

In order to study the inﬂuence of tPEF on the extraction
eﬃciency, the number of pulses was varied from 100 to
500. Therefore, tPEF changed from 10 to 50 ms accordingly. The diﬀusion temperature was ﬁxed at 60 C.
These PEF parameters corroborate with parameters
previously used by Loginova et al. (2010) for the single
sample of chicory tissue. Figure 7 shows the inulin
concentration in the extracting juice and pulps versus
PEF treatment time. With changing the treatment time
in the studied range 10–50 ms, no diﬀerence of inulin
concentration was detected in the juice and pulps. It
may be speculated that the critical degree needed for

Figure 7 Inulin concentration in juice (a) and pulps (b) after diffusion
at 60 C with different PEF treatment time.

membrane electroporation was attained even after
rather short total treatment of 10 ms. The longer
treatment could not induce additional damage of cell
membranes. It means that the PEF duration not more
than 10 ms (energy consumption 5.02 kJ kg)1 fresh
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Conclusion

Figure 8 Proﬁt of PEF application versus decrease of diffusion time.

material) will be needed for the eﬀective PEF treatment
of chicory slices before water extraction. Further optimization of PEF parameters is necessary to determine
the optimal PEF duration for the chicory slices.
Energy saving and economic profit due to the PEF
treatment

Figure 8 presents the proﬁt of PEF treatment in view of
energy saving Qs (kJ kg)1) estimated as follow:
Qs ¼ QT  Qe

ð8Þ

where QT (kJ kg)1) is the speciﬁc energy saved due to the
decrease of diﬀusion temperature, QT = acpDT, where
a(=1.4 in this study) is the liquid ⁄ solid ratio (draft), cp
(4.18 kJ kg)1 C)1, considering that the solid ⁄ liquid
mixture contains a high amount of water) is the speciﬁc
heat capacity of the solid-liquid mixture, DT (oC) is the
temperature diﬀerence. Qe is the speciﬁc energy consumption due to the PEF treatment (Eq. 4). Figure 8
indicates that the energy beneﬁt due to the PEF treatment
is more important for the extraction at lower temperatures. Take diﬀusion at 50 C with PEF treatment for
example, the saved energy input is 141 kJ kg)1 juice,
which means 1248 kJ kg)1 inulin (considering that inulin
concentration is 11.3 g 100 mL)1 in extracted juice), the
energy input of 1248 kJ kg)1 corresponds to an electric
power consumption of approximately 347 kWh t)1 of
inulin product, therefore, the economic proﬁt can be
estimated as 34.8 € t)1 inulin, based on a price of
10 ct kWh)1 the pure electric energy costs (Toepﬂ,
2006). Moreover, it can be speculated that the quality of
chicory extract obtained with PEF at lower temperatures
would be higher, and such extract would be easier to
purify, similarly to the sugar beet juice obtained with PEF
(Loginova et al., 2011a). The total economic proﬁt of the
proposed process should take into account diﬀusion step,
but also puriﬁcation and concentration of the inulin.

The feasibility of PEF assisted extraction of inulin from
chicory roots was conﬁrmed in a pilot countercurrent
extractor. With PEF treatment, inulin concentration
increases from 10.68 to 12.18 g 100 mL)1 when diﬀusion temperature varies from 30 to 80 C. At the
conventional diﬀusion temperatures of 70–80 C, the
juice is more reach in inulin and the cossettes are better
exhausted after the PEF treatment. The diﬀusion
temperature can even be decreased by 10–15 C after
the PEF treatment of chicory slices. At a diﬀusion
temperature of 60 C, the juice inulin concentration
(11.65 g 100 mL)1) and the juice purity (87.1%) are
comparable to those of conventional method. A PEF
treatment duration of 10 ms at 600 V cm)1 seems to be
suﬃcient for eﬀective extraction of chicory roots and
the total treatment energy consumption can be
decreased to 5.02 kJ kg)1 fresh slices, compared to
treatment duration of 50 ms. The beneﬁt obtained by
the reduction of the diﬀusion temperature after the PEF
treatment of chicory roots, covers largely the PEF
electrical energy consumption, and the economic proﬁt
(related to diﬀusion step) of 34.76 € t)1 inulin can be
speculated.
Acknowledgments

The authors would like to acknowledge COSUCRA,
Belgium for the kind supply of chicory roots and
measurement of inulin and also would like to acknowledge the ﬁnancial support of China Scholarship Council.
Nomenclature
C
E
I
L
N
Q
tPEF
ti
td
T
U
Dt
V
Ws
Subscript
0
T
E
T
S
Abbreviations
PEF
DM - dry mass

Concentration
electric field strengths (V cm)1)
electrical current (A)
length (m)
number of pulses in train
specific energy (kJ kg)1)
electrical treatment time (ms)
pulse duration (ls)
total time of diffusion (min)
temperature (C)
voltage (V)
pulse repetition time (ms)
velocity (m s)1)
activation energy (kJ mol)1)
Initial
time (min)
Electricity
Thermal
Saving
pulsed electric field
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Ganeva, V., Galutzov, B. & Teissié, J. (2003). High yield electroextraction of proteins from yeast by a ﬂow process. Analytical
Biochemistry, 315, 77–84.
Ghosh, A.M., Balakrishnan, M., Dua, M. & Bhagat, J.J. (2000).
Ultraﬁltration of sugarcane juice with spiral wound modules: on-site
pilot trials. Journal of Membrane Science, 174, 205–216.
Grimi, N., Praporscic, I., Lebovka, N.I. & Vorobiev, E. (2007).
Selective extraction from carrot slices by pressing and washing
enhanced by pulsed electric ﬁelds. Separation and Puriﬁcation
Technology, 58, 267–273.
Jaeger, H., Balasa, A. & Knorr, D. (2008). Food Industry Applications
for Pulsed Electric Fields. In: Electrotechnologies for Extraction from
Food Plants and Biomaterials (edited by E. Vorobiev & N. Lebovka).
Pp. 181–216. New York: Springer Publishing Company.
Jemai, A.B. & Vorobiev, E. (2002). Eﬀect of moderate electric ﬁeld pulses
on the diﬀusion coeﬃcient of soluble substances from apple slices.
International Journal of Food Science and Technology, 37, 73–86.
Jemai, A.B. & Vorobiev, E. (2006). Pulsed electric ﬁeld assisted
pressing of sugar beet slices: towards a novel process of cold juice
extraction. Biosystems Engineering, 93, 57–68.
Lebovka, N.I., Shynkaryk, M.V. & Vorobiev, E. (2007a). Moderate
electric ﬁeld treatment of sugarbeet tissues. Biosystems Engineering,
96, 47–56.
Lebovka, N.I., Shynkaryk, N.V. & Vorobiev, E. (2007b). Pulsed
electric ﬁeld enhanced drying of potato tissue. Journal of Food
Engineering, 78, 606–613.
Loginova, K.V., (2011). Implementation of pulsed electric ﬁelds for
development of the process of cold diﬀusion from sugar beets and
other root crops (multi-scale study). Ph.D thesis, Compiegne, 102–
103.
Loginova, K.V., Shynkaryk, M.V., Lebovka, N.I. & Vorobiev, E.
(2010). Acceleration of soluble matter extraction from chicory with
pulsed electric ﬁelds. Journal of Food Engineering, 96, 374–379.
Loginova, K.V., Loginov, M., Vorobiev, E. & Lebovka, N.I. (2011a).
Quality and ﬁltration characteristics of sugar beet juice obtained by
‘‘cold’’ extraction assisted by pulsed electric ﬁeld. Journal of Food
Engineering, 106, 144–151.
Loginova, K.V., Vorobiev, E., Bals, O. & Lebovka, N.I. (2011b). Pilot
study of countercurrent cold and mild heat extraction of sugar from

sugar beets, assisted by pulsed electric ﬁelds. Journal of Food
Engineering, 102, 340–347.
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III.3 Article II Better damage of chicory tissue by combined electroporation and ohmic
heating for solute extraction
Abstract
Damage of chicory tissue by combined electroporation and ohmic heating is studied for
better solute extraction. Moderate (400-1000 V/cm) and high (10000V/cm) PEF treatments
were applied varying pause duration between the trains of individual pulses. Ohmic heating
was induced with increase of the number of trains N. Temperature dependence of tissue
damage degree Z is evaluated for the different PEF intensities. With higher ohmic heating,
chicory tissue is faster and better damaged. Higher PEF intensities lead to smaller temperature
elevation and lower energy consumption needed to attain the same damage of chicory tissue.
Electric field strengths of 600-800 V/cm combined with ohmic heating permit to enhance
noticeably the solute extraction from chicory tissue. The solute diffusivity D for the different
PEF treatments, is nearly the same for same values of Z. Chicory tissue treated to the same
damage degree (Z=0.8-1.0) using different PEF conditions (800, 1000 and 10000V/cm) has
nearly the same diffusivity.
Combined electroporation/ohmic heating pretreatment by moderate PEF (400-1000 V/cm)
presents an interesting alterative for the treatment of high product throughputs (e.g. in the case
of inulin production from chicory).
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Nomenclature
B
normalized soluble matter content
C
capacity of the capacitor (F)
D
diffusion coefficient (m2/s)
E
electric field strengths (V/cm)
I
electrical current (A)
m
mass (kg)
n
number of pulses in one train
N
number of trains
P
energy of one electric pulse (J)
Q
specific energy (kJ/kg)
t
time (s)
T
temperature (oC)
ti
pulse duration (s)
△t
distance between two pulses (s)
△tt
pause between individual trains (s)
tPEF
electrical treatment time (s)
U
voltage (V)
Z
electrical conductivity disintegration index
σ
electrical conductivity (S/m)
Subscript
i
initial
f
final
D
diffusion
Abbreviations
PEF
pulsed electric field
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Abstract
Damage of chicory tissue by combined electroporation and ohmic heating is studied for
better solute extraction. Moderate (400-1000 V/cm) and high (10000V/cm) PEF treatments
were applied varying pause duration between the trains of individual pulses. Ohmic heating
was induced with increase of the number of trains N. Temperature dependence of tissue
damage degree Z is evaluated for the different PEF intensities. With higher ohmic heating,
chicory tissue is faster and better damaged. Electric field strengths of 600-800 V/cm
combined with ohmic heating permit to enhance noticeably the solute extraction from chicory
tissue. The solute diffusivity D for the different PEF treatments, is nearly the same for same
values of Z. Chicory tissue treated to the same damage degree (Z=0.8-1.0) using different PEF
conditions (800, 1000 and 10000V/cm) has nearly the same diffusivity.
Combined electroporation/ohmic heating pretreatment by moderate PEF (400-1000 V/cm)
presents an interesting alterative for the treatment of high product throughputs (e.g. in the case
of inulin production from chicory).
Keywords: Chicory, Inulin, Pulsed electric fields, Electroporation, Ohmic heating, Extraction

79

Chapter III Intensification of Inulin Extraction

Article II

1. Introduction
Chicory is widely used for the production of inulin which is important food ingredient
(Baert, 1997; Park et al., 2007). Inulin is used as a fiber ingredient to improve taste and
texture, as fat replacer in dairy industry to produce low-fat dairy products, and as sugar
replacer in chocolate to reduce sugar content (Franck, 2005). However, industrial extraction
of inulin from chicory roots requires high temperature (70-80oC) (Toneli et al., 2008) and long
duration (~1.5 hours). This leads to cell tissue alteration and impurities release into the inulin
juice resulting in a complicated juice purification (Franck, 2006). Thus, investigation of
alternative inulin extraction methods is meaningful for energy-saving and technology
simplifying.
Pulsed electric ﬁelds (PEF) has been proposed as an effective method of non -thermal
membrane damage of food plants ( Bazhal et al., 2003; Fincan et al., 2004; Vorobiev and
Lebovka, 2008a; Vorobiev and Lebovka, 2010; Barati et al., 2011; Donsì et al., 2011;
Moubarik et al., 2011; Janositz et al., 2011; Toepfl, 2011; Puertolas et al., 2013). Advantages
of PEF treatment in terms of promoting extraction process from sugar beet and chicory roots
were recently reported (Eshtiaghi and Knorr, 2002; Bouzrara and Vorobiev, 2003; Jemai and
Vorobiev, 2003; El Belghiti and Vorobiev, 2004; Lebovka et al., 2007; Loginova et al., 2010;
Loginova et al., 2011a; Maskooki et al., 2012; Zhu et al., 2012; Zhu et al., 2013). In the study
of Loginova et al. (2010), the positive effect of PEF treatment for inulin extraction from
chicory was evidenced at the laboratory scale with a batch extraction chamber. However,
when the moderate PEF of 400-600 V/cm was applied at ambient temperature, the solute
diffusivity in the chicory tissue was slower comparatively to the one in the sugar beet tissue
(Loginova et al., 2010). Zhu et al. (2012) used a pilot PEF generator and a semi-continuous
counter-count extractor in their study. These authors confirmed a rather slow inulin diffusivity
in the chicory tissue after the PEF treatment (E=400-600 V/cm) at ambient temperature. It
may be speculated that in studies of Loginova et al. (2010) and Zhu et al. (2012) PEF
intensities were insufficient for the important cell damage of chicory tissue.
Both intensive electroporation by high PEF treatment and tissue softening by preheating
may contribute to the better cell damage and enhance the following solute extraction (inulin,
sucrose, polyphenol and colorant). In this work we investigate the different PEF treatment
conditions and treatment temperatures for more important cell damage of chicory tissue and
for the enhancement of solute extraction from chicory. For the simultaneous electroporation
and ohmic heating of chicory tissue, we apply the PEF treatment with short pause between
impulses.

2. Materials and methods
2.1 Materials
Chicory roots, which consists of 24.9±0.2% solid matter, provided by COSUCRA-Belgium,
was used for the investigation. The cylinder-shaped samples, which were 20 mm in diameter
and 4-10 mm in height, were prepared for PEF treatment. Freeze-thawed sample was prepared
at -18oC for 24 hours, then a thawing of sample was done at ambient temperature (Grimi et al.,
2010).
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2.2. PEF treatment experiments
Fig. 1 shows a schematic diagram of the experimental setup. Two generators were used
ensuring moderate (400-1000 V/cm) and high (10000V/cm) PEF treatments. The moderate
PEF treatment was applied with generator providing the trains of bipolar pulses of
near-rectangular shape (Service Electronique UTC, Compiègne, France). An individual train
consists of 100 pulses with pulse duration ti=100 μs and distance between two pulses Δt=200
μs. The number of trains (N) was varied from 1 to 65. The temperature elevation during the
individual train was about 0.8°C. In majority of experiments, the pause between the individual
trains was fixed at Δtt =1 s. This pause was too short for the noticeable sample cooling.
Therefore, ohmic heating was induced with increase of the number of trains N. In some
experiments, the pause between the individual trains was increased to Δtt =20 s to nearly
avoid ohmic heating during the PEF treatment. The total time of PEF treatment was calculated
as tt = n×N×ti.
The treatment cell consisted of a polypropylene cylinder with an inner diameter of 20 mm
and an electrode at its bottom (Fig. 1(a)). The sample and electrode has the same diameter and
surface, the sample was placed inside the cell, then the second electrode was installed on the
top of the sample in order to obtain a good contact without addition of liquid. The distance
between electrodes was varied from 10 to 4 mm, which corresponds the electroporation
volume of 3.14 - 1.26 cm3 and the PEF intensity of 400-1000 V/cm. The temperature inside
the sample under the PEF treatment was recorded in the online mode during the inter-train
period by a Teﬂon-coated K-type thermocouple (±0.1 K) connected to the PEF generator. The
electrodes were connected to the PEF generator and the electrical conductivity of samples was
measured during the inter-train period at the frequency 0.5 kHz, selected as optimal for
purposes of removing the polarizing effects on the electrodes and tissue sample. All the output
data (current, voltage, electrical conductivity, and temperature) were collected using a data
logger and special software adapted by Service Electronique UTC, Compiegne, France.
The high PEF treatment of 10000V/cm was applied using the 40 kV PEF generator (Tomsk
Polytechnic University, Tomsk, Russia) (Fig. 1(b)) described elsewhere (Boussetta et al.,
2012). The electrodes of the treatment chamber were two parallel disks. The electrode area
was 95 cm2. The distance between two electrodes was fixed at 4 cm to attain the PEF intensity
of 10000 V/cm. The volume of electroporation was 3.8×102 cm3 (containing 110 g of chicory
disk samples and 330 g water). The water was added in order to obtain a good contact with
electrodes. The generator provided exponential decay pulses. Pulse duration was ti=10 µs (the
pulse width is defined as the time until decay to 37% for exponential decay pulses) (Toepfl et
el., 2006). One train of 100 pulses was used for the chicory treatment. Temperature and
electrical resistance of chicory tissue were measured immediately after the treatment.

81

Chapter III Intensification of Inulin Extraction

Article II

Fig.1. Scheme of the experimental setup.

2.3 Extraction experiments
Extraction cell was a glass beaker supplied with magnetic stirrer and digital
thermoregulator (10–1300 min-1, Fisher Scientiﬁc) (Fig.1c). For moderate PEF (400 -1000
V/cm) pretreatment the extraction cell with distilled water (150 g) was preheated at the
desired temperature (30oC), then the electrically treated or untreated chicory samples (50 g)
(in disk shape) were placed into the extraction cell. For high PEF (10000 V/cm) pretreatment
110 g chicory sample and 330 g water (as described in 2.2) was used for extraction
experiment. In every extraction test the liquid to solid ratio was fixed at 3. The extraction cell
was closed during experiments, in order to avoid any evaporation. The speed of agitation was
fixed at 60 rpm.
To measure the soluble matter content (0Brix, %), 0.2 mL of the solution was sampled
every 2 minutes at the beginning of the extraction process, and then the sampling period was
increased to 5, 10 and 30 min. All extraction experiments lasted 90 min.
2.4 Measurements and analysis
The soluble matter content (0Brix, %) was measured by digital Atago refractometer
(PR-101, Atago, 50 Tokyo, Japan). Inulin determination was performed as follow: extracted
juice was diluted and adjusted to pH=4.5 with HCl solution (1 mol/L), then hydrolyzed by
inulinase (Novozym® 960, purchased from Sigma Aldrich) at 60oC for 24h. The inulin
concentration (total fructose and glucose concentration after hydrolysis) in hydrolyzed juice
was determined by photometric method using the kit ENZYTEC TM fluid
D-Glucose/D-Fructose, the details of analysis are presented in ENZYTEC TM fluid
D-Glucose/D-Fructose Id-No: 5160. The juice purity was defined as the ratio of inulin content
in juice (g/100g) to soluble matter content in juice (g/100g).
2.5 Statistic analysis
All the tests were repeated at least three times and means of the data and their standard
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deviations were presented as error bar in figures. The Tukey’s test was applied for analysis of
the effects of PEF treatment. For each analysis, a significance level of 5% was assumed. All
statistical analyses were carried out using Statgraphics Plus 5.1 software (Statpoint
Technologies, Warrenton, VA).

3. Results and discussion
3.1 Electroporation of chicory tissue with ohmic heating
As presented in Fig.2, the electrical conductivity ( σ ) is minimal (σmin) for the untreated
chicory tissue and it is maximal (σmax) for the freeze-thawed chicory tissue. The high PEF
treatment of 10000 V/cm permits attain the value of σmax almost without temperature elevation
(less than 3oC). With moderate PEF treatment, ohmic heating contributes noticeably to the
electrical conductivity increase. Both heating and tissue electroportion increase the measured
electrical conductivity of chicory tissue. In order to quantify the tissue damage degree, the
permeabilization index Z (or electrical conductivity disintegration index) (Vorobiev and
Lebovka, 2008b) is introduced:

Z = (σ − σ i ) (σ d − σ i )

(1)

where σ i and σ d refer to the conductivities of untreated (intact) and completely damaged
tissue (obtained by freeze-thawing method), respectively (Fig.2). Application of the above
equation gives Z = 0 for the intact tissue and Z = 1 for the chicory tissue damaged by
freeze-thawing.

Fig. 2. Evolution of electrical conductivity of chicory tissue versus temperature (T) at different
electric field intensities. Dashed lines show the σ vs. T dependencies for the freeze-thawed
and intact chicory tissue. The error bars represent the standard data deviations.

Temperature dependence of Z evaluated from the data of Fig.2 and Eq. (1) is presented in
Fig.3. The higher electric field strength results in electroporation at lower temperature of
chicory tissue. For example, at 400 V/cm, electrical disintegration index Z reaches its
maximal value Z= 0.6 at the treatment temperature of 62oC, while at 800 V/cm, higher value
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of Z=0.9 is reached at the lower temperature of 55oC. At the highest studied value of electric
field strength (10000 V/cm), the value of Z=1 is reached at the temperature of 23°C.

Fig.3 Permeabilization index Z versus temperature T for chicory tissue.

Fig.4 shows Z-evolutions for the PEF treatments (800 V/cm) accompanying by ohmic
heating to 30°C (Δtt =20 s) and 55°C (Δtt =1 s). More rapid heating was assured just varying
the pause between the individual trains of pulses from Δtt =20 s to Δtt =1 s (Fig. 4). With
higher ohmic heating, chicory tissue is faster and better damaged (Z=0.9 after tPEF = 0.3 s)
than with low ohmic heating (Z= 0.75 after tPEF=2 s). For the comparison, insert in Fig. 4
shows very slow Z-evolutions for the tissues preheated to 50 and 70°C but untreated
electrically (E=0).

Fig.4 Z- evolutions for the chicory tissue treated by PEF at 800 V/cm. Insert
shows Z-evolutions for the chicory tissue preheated to 50 and 70°C but untreated
electrically (E=0).
Fig. 5 presents characteristic treatment time tz=0.5 (a), temperature Tz=0.5 (b) and specific
energy input Qz=0.5 (c) needed to attain a semi-permeabilisation of chicory tissue (Z = 0.5) at
the different PEF intensities.
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For the moderate PEF treatment (400-1000 V/cm), specific energy consumption Q (kJ/kg)
was calculated as:
t
(2)
UIdt PEF
∫
Q= 0
m
where U (V) is the voltage, I (A) is the electric current strength, tPEF (s) is the PEF treatment
time (s) , and m (kg) is the mass of treated chicory (no liquid was added during the PEF
treatment).
For the 40 kV PEF generator, the PEF treatment time was calculated as the product of
average pulse width (ti, μs) and the number of pulses (n) delivered in the treatment
chambers. The specific energy applied (Q, kJ/kg) was determined by the following formula: Q
= (n × P) / m, where m is the mass of chicory (kg), P is the energy of one electric pulse (J)
calculated from Pi = (C x U2) / 2 with C, the capacity of the capacitor (200 nF) and U, the
voltage of the generator (40kV) (Boussetta, 2010).

Fig.5. Characteristic treatment time (a), temperature (b) and specific energy (c) needed to
attain a semi-permeabilisation of chicory tissue at the different PEF intensities. Values with
the same superscript letters were not significantly different (LSD test, 5% level); different
letters represent significant differences. Means discrimination by Tukey’s test (α = 0.05).

Fig.5 evidences more rapid damage of chicory tissue attained at higher PEF intensities.
Higher PEF intensities also lead to smaller temperature elevation and lower energy
consumption needed for semi-permeabilisation of chicory tissue. For instance, significant
decrease of tz=0.5 and Tz=0.5 can be observed when PEF intensity increase from E=400 V/cm
(tz=0.5=0.36 s, Tz=0.5 =43oC) to E=800 V/cm (tz=0.5=0.13 s, Tz=0.5 =34oC). The lowest energy
consuming of PEF treatment was attained at E=10000 V/cm (tz=0.5=0.0003 s, Tz=0.5 =20oC and
Qz=0.5 =49 kJ/kg).
3.2 Solute extraction from chicory tissue damaged by electroporation and ohmic heating
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Fig.6. (a): Normalized Brix B evolution during aqueous extraction at 30°C; and (b): solute
diffusivity (D) at 30°C versus electrical conductivity permeabilisation index (Z) of chicory
tissue. Solid and open points represent experimental data. Dashed lines represent the fitting of
the data by Eq. (4). Values with the same superscript letters were not significantly different
(LSD test, 5% level); different letters represent significant differences. Means discrimination
by Tukey’s test (α = 0.05).

Fig.6a shows solute extraction kinetics from chicory tissue treated by moderate (E=400
-1000 V/cm) and high (E= 10000 V/cm) PEF intensities to attain different values of Z. The
temperature was fixed at 30oC to exclude additional damage of chicory tissue during
extraction experiment. The results are presented as B versus diffusion time t, where B is the
normalized oBrix of the chicory juice defined as Eq. (3).
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0

Brix − 0 Brixi
B= 0
Brix f − 0 Brixi

(3)

where 0Brixi and 0Brixf are the initial and final soluble matter contents, respectively. The value
of 0Brixi was determined immediately after placing chicory into diffusion cell, and
0
Brixf=5.7±0.8 was determined after 2 h of extraction at 80oC when longer extraction did not
result in further increase of soluble matter content. As shown in a previous study (Zhu et al.,
2012), there is a good linear correlation between the inulin (measured by HPLC) and the
soluble matter content (°Brix) in the extracted juice. Therefore, the solute extraction kinetics
presented in Fig. 6a corresponds roughly to the evolution of inulin content during extraction
experiment. The data presented in Fig. 6a shows that more rapid diffusion kinetics can be
achieved by pre-treating chicory tissue to higher value of Z. However, no significant
difference can be observed between diffusion kinetics of chicory tissue pretreated to Z >0.8.
Also it is interesting to note that solute yield from the chicory tissue pretreated to the same
values of Z is nearly the same whatever is the PEF intensity. It means that ohmic heating does
not worse the solute extraction yield from chicory tissue.
Analytical solution of the diffusion equation for the well-stirred limited volume (Crank,
1975) was used for estimation of the diffusion coefficient D in electrically and thermally
damaged chicory tissue:
∞
Dqn2t
2α (1 + α )
−
1− ∑
exp(
)
B=
2 2
l2
n =1 1 + α + α qn

(4)

Where α is the water-solid volume ratio ( α=2.94 in our experiments), l (≈2.5 mm) is the half
thickness of slices, t is the diffusion time, and qn are the non-zero positive roots of equation

tan qn = −α qn . This summation series converges rapidly for large time values, so, only the
first six leading terms were taken into account for D estimation by the least square fitting of
the experimental data to Eq. (4). The values of qn are: q1=1.7414, q2=4.7751, q3=7.8920,
q4=11.0228, q5=14.1584, q6=17.2961 (Crank, 1975).
Fig. 6a shows the satisfactory fitting of the experimental data by the model Eq. (6) (R2>0.9,
except for intact chicory samples). Then the solute diffusivity D，presented in Fig. 6b, can be
calculated from the Eq. (4) for the different PEF treatments. It can be noted that with better
tissue damage (higher values of Z) the solute diffusivity D increases. However, the relation
D(Z) may be complex as the value of D rises most rapidly when Z increases from 0.4 to 0.5
(statistically significant value of D can be observed from Fig.6b for Z=0.4 and Z=0.5) and
then the solute diffusivity D is less sensitive to the increase of Z (Fig. 6b). The value of D=
4.94×10-10 m2/s attained at 800 V/cm (Tf =50°C) for Z=0.8 is close to the maximal value of D
which can be attained at high PEF of 10000 V/cm (Tf =23oC).Therefore, electric field strength
of 600-800 V/cm combined with ohmic heating permits to enhance noticeably the solute
extraction from chicory tissue. Moreover, it is obvious that the solute diffusivity D, for the
different PEF treatments, is nearly the same for same values of Z (Fig.6 (b)). For instance, for
the partly damaged chicory tissue (Z=0.4) the value of D is about 2.4×10-10 m2/s whatever is
the PEF intensity (400, 600 or 800 V/cm), while for the totally damaged chicory tissue (Z=1)
the value of D is about 5×10-10 m2/s for the PEF intensities of 1000 and 10000 V/cm.
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Fig.7 Purity of juice extracted from chicory tissues pretreated by PEF to the same disintegration degree
Z=0.4. Extraction temperature was 30°C. Values with the same superscript letters were not significantly
different (LSD test, 5% level); different letters represent significant differences. Means discrimination by
Tukey’s test (α = 0.05).

Juice purity from chicory tissues pretreated to Z=0.4 by PEF of different intensities is
presented in Fig.7. Juice purities are about the same (84%) after PEF treatments between 400
and 800 V/cm. Therefore, the similar tissue damage (Z) lead to the similar inulin release from
chicory roots.

4. Conclusions
The results of this work evidence the beneﬁts of combined electroporation/ohmic heating
pretreatment for the enhancement of inulin extraction. For the same pulse parameters,
combined electroporation/ohmic heating resulted in faster and more complete damage of
chicory tissues (Z=0.9 after tPEF = 0.3 s) as compared to the non thermal electroporation at
800 V/cm (Z=0.55 after tPEF = 0.3 s). Moreover, chicory tissue treated to the same damage
degree (Z=0.8-1.0) using very different PEF conditions (800, 1000 and 10000V/cm) has
nearly the same diffusivity. Combined electroporation/ohmic heating pretreatment by
moderate PEF (400-1000 V/cm) is more energy consuming than the non thermal high PEF
(10000 V/cm), however it presents an interesting alterative for the treatment of high product
throughputs (e.g. in the case of inulin production from chicory).

Acknowledgements
The authors would like to acknowledge the financial support of China Scholarship Council
for Zhenzhou Zhu’s thesis fellowship.

References
Baert, J.R.A., 1997. The effect of sowing and harvest date and cultivar on inulin yield and
composition of chicory (Cichorium intybus L.) roots. Industrial Crops and Products 6,
195–199.
Bazhal, M.I., Ngadi, M.O., Raghavan, V.G.S., 2003. Influence of Pulsed Electroplasmolysis
88

Chapter III Intensification of Inulin Extraction

Article II

on the Porous Structure of Apple Tissue. Biosystems Engineering 86, 51-57.
Barati, H., Amrollahi, R., Ghafurifard, H., 2011. Conductivity spectra of cellular systems in
pulsed electric fields: Electro-compression disintegration and thermal instability effects.
Food and Bioproducts Processing 89, 400-406.
Boussetta, N., 2010. Intensification de l’extraction des polyphénols par électrotechnologies
pour la valorisation des marcs de champagne (French). Thesis.Université de technologie de
Compiègne, France.
Boussetta, N., Vorobiev, E., Le, L.H., Cordin-Falcimaigne, A., Lanoiselle, J.L., 2012.
Application of electrical treatments in alcoholic solvent for polyphenols extraction from
grape seeds LWT - Food Science and Technology 46, 127-134.
Bouzrara, H., Vorobiev, E., 2003. Solid/liquid expression of cellular materials enhanced by
pulsed electric ﬁeld. Chemical Engineering and Processing 42, 249-257.
Chen, C., Abdelrahim, K., Beckerich, I., 2010. Sensitivity analysis of continuous ohmic
heating process for multiphase foods. Journal of Food Engineering 98, 257–265.
Darra, N.E.I., Grimi, N., Vorobiev, E., Louka, N., Maroun, R., 2013. Extraction of
polyphenols from red grape pomace assisted by pulsed ohmic heating , Food and
Bioprocess Technology 6, 1281-1287.
Delsart, C., Ghidossi, R., Poupot, C., Cholot, C., Grimi, N., Vorobiev, E., Milisic, V.,
Mietton-Peuchot, M., 2012. Enhanced extraction of valuable compounds from Merlot
grapes by Pulsed Electric Field. American Journal of Enology and Viticulture 63, 205-211.
Donsi, F., Ferrari, G., Fruilo, M., Pataro, G., 2011. Pulsed Electric Fields- assisted
vinification. Procedia Food Science 1, 780-785.
El Belghiti, K., Vorobiev, E., 2004. Mass Transfer of Sugar from Beets Enhanced by Pulsed
Electric Field. Food and Bioproducts Processing 82, 226-230.
ENZYTEC fluid D-Glucose/D-Fructose Id-No: 5160.
http://www.interchim.fr/ft/7/72168A.pdf . (25/10/2013).
Eshtiaghi, M.N., Knorr, D., 2002. High electricﬁeld pulse pretreatment: potential for sugar
beet processing. Journal of Food Engineering 52, 265–272.
Franck A., De Leenheer L., 2005. Inulin. Biopolymers Online, Wiley-VCH Verlag GmbH &
Co. KGaA.
Franck, A., 2006. Inulin. In A.M.Stephen, G.O.Phillips, P.A.Williams (Eds.), Food
polysaccharides and their application (2nd ed., pp.335-351). Taylor and Francis Group,
CRC Press LLC, Boca Raton, FL.
Fincan, M., DeVito, F., Dejmek, P., 2004. Pulsed electric field treatment for solid–liquid
extraction of red beetroot pigment. Journal of Food Engineering 64, 381-388.
Grimi, N., Mamouni, F., Lebovka, N., Vorobiev, E., Vaxelaire, J., 2010. Acoustic Impulse
Response in Plant Tissues Treated by Pulsed Electric Field. Biosystems engineering 105,
266-272.
Grimi, N., Mamouni, F., Lebovka, N., Vorobieve, E., Vaxelaire, J., 2011. Impact of apple
processing modes on extracted juice quality: Pressing assisted by pulsed electric fields.
Journal of Food Engineering 103, 52-61.
Grimi, N., Vorobiev, E., Lebovka, N., Vaxelaire J., 2010. Solid–liquid expression from
denaturated plant tissue: Filtration–consolidation behaviour. Journal of Food Engineering
96, 29-36.
89

Chapter III Intensification of Inulin Extraction

Article II

Jakob, A., Bryjak, J., Wojtowicz,H., Illeova,V., Annus, J., Polakovic, M., 2010. Inactivation
kinetics of food enzymes during ohmic heating. Food Chemistry 123, 369–376.
Janositz, A., Semrau, J., Knorr, D., 2011. Impact of PEF treatment on quality parameters of
white asparagus (Asparagus officinalis L.). Innovative Food Science & Emerging
Technologies 12, 269-274.
Jemai, A.B., Vorobiev, E., 2003. Enhanced leaching from sugar beet cossettes by pulsed
electric ﬁeld. Journal of Food Engineering 59, 405–412.
Kim, J., Pyun, Y., 1995. Extraction of soy milk using ohmic heating. In proceedings of the
ninth congress on food science and technology, Budapest, Hungary.
Kim, Y,, Faqih, M,N., Wang, S.S., 2001. Factors affecting gel formation of inulin.
Carbohydrate Polymers 46, 135-145.
Lebovka, N. I., Bazhal, M. I., Vorobiev, E., 2000. Simulation and experimental investigation
of food material breakage using pulsed electric ﬁeld treatment. Journal of Food Engineering
44, 213–223.
Lebovka, N. I., Bazhal, M. I., Vorobiev, E., 2001. Pulsed electric
ﬁeld breakage of cellular
tissues: visualization of percolative properties. Innovative Food Science and Emerging
Technologies 2, 113–125.
Lebovka, N. I., Bazhal, M. I., Vorobiev, E., 2002. Estimation of characteristic damage time of
food materials in pulsed-electric ﬁelds. Journal of Food Engineering 54, 337–346.
Lebovka, N. I., Kupchik, M. P., Sereda, K., Vorobiev, E., 2008. Electrostimulated thermal
permeabilisation of potato tissues. Bio-systems Engineering 99, 76 -80.
Lebovka, N.I., Shynkaryk, M.V., El-Belghiti, K., Benjelloun, H., Vorobiev, E., 2007.
Plasmolysis of sugarbeet: pulsed electric
ﬁelds and
thermal treatment. Journal of Food
Engineering 80, 639–644.
Lima, M., Heskitt, B. F., Sastry, S.K., 2001. Diffusion of beet dye during electrical and
conventional heating at steady-state temperature. Journal of Food Process Engineering 24,
331–340.
Loginova, K.V., Shynkaryk, M.V., Lebovka, N.I., Vorobiev, E., 2010. Acceleration of soluble
matter extraction from chicory with pulsed electric fields. Journal of Food Engineering 96,
374–379.
Loginova, K.V., Vorobiev, E., Bals, O., Lebovka, N.I., 2011a. Pilot study of countercurrent
cold and mild heat extraction of sugar from sugar beets, assisted by pulsed electric
fields.Journal of Food Engineering 102, 340-347.
Loginova, K.V., 2011b. Mise en oeuvre de champs électriques pulsés pour la conception d'un
procédé de diffusion à froid à partir de betteraves à sucre et d'autres tubercules alimentaires
(étude multi-échelle) (French). PhD thesis, Compiegne, France.
Maskooki, A., Eshtiaghi, M.N., 2012. Impact of pulsed electric field on cell disintegration and
mass transfer in sugar beet. Food and Bioproducts Processing 90, 377-384.
Moubarik, A., El-Belghiti, K., Vorobiev, E., 2011. Kinetic model of solute aqueous
extraction from Fennel (Foeniculum vulgare) treated by pulsed electric field, electrical
discharges and ultrasonic irradiations. Food and Bioproducts Processing 89, 356-361.
Park, K.J., De Oliveira, R.A., Brod, F.P.R., 2007. Drying Operational Parameters Influence on
Chicory Roots Drying and Inulin Extraction. Food and Bioproducts Processing 85,
184-192.
90

Chapter III Intensification of Inulin Extraction

Article II

Puértolas, E., Cregenzan, O., Luengo,E., Alvarez, I., Raso, J., 2013.
Pulsed-electric-field-assisted extraction of anthocyanins from purple-fleshed potato. Food
Chemistry 136, 1330-1336.
Rao Lakkakula, N., Lima, M., Walker, T., 2004, Rice bran stabilization and rice bran oil
extraction using ohmic heating. Bioresource Technology 92, 157–161.
Sack, M., Schultheiss, C., Bluhm, H., 2005. Triggered Marx generators for the industrial-scale
electroporation of sugar beets. Industry applications. IEEE Transactions 41, 707–714.
Sack, M., Bluhm, H., 2008. New measurement methods for an industrial scale electroporation
facility for sugar beets, IEEE Trans. Industry Applications 44, 1074-1083.
Toepfl, S., 2011. Pulsed Electric Field food treatment-scale up from lab to industrial
scale.Procedia Food Science 1, 776-779.
Toepfl, S., Heinz, V., Knorr, D., 2006. Application of pulsed electric field technology for the
food industry. In: Raso, J., Heinz, V., (eds), Pulsed electric field treatment of foods.
Elsevier, Oxford, pp 197-221.
Toneli, J. T. C. L., Park, K. J., Ramalho, J. R. P., Murr, F. E. X., Fabbro, I. M. D., 2008.
Rheological characterization of chicory root (cichorium intybus l.) inulin solution. Brazilian
Journal of Chemical Engineering 25, 461-471.
Vorobiev, E., Jemai, A.B., Bouzrara, H., Lebovka, N.I., Bazhal, M.I., 2005. Pulsed electric
ﬁeld assisted extraction of juice from food plants. In: Barbosa-Canovas, G., Tapia, M.S.,
Cano, M.P. (Eds.), Novel Food Processing Technologies. CRC Press, New York, pp.
105–130
Vorobiev, E., Lebovka, N., 2008a. Electrotechnologies for Extraction from Plant Foods and
Biomaterials. New York: Springer.
Vorobiev, E., Lebovka, N., 2008b. Pulsed electric
ﬁelds induced effects in plant tissues:
fundamental aspects and perspectives of application. In: Vorobiev, E., Lebovka, N. (Eds.),
Electrotechnologies for Extraction from Food Plants and Biomaterials. New York, Springer,
pp. 39–82.
Vorobiev, E., Lebovka, N., 2010. Enhanced extraction from solid foods and biosuspensions by
pulsed electrical energy. Food Engneering Review 2, 95-108.
Wawro, S., Iciek, J., Gruska, R., 2004. Modi
ﬁcation of the properties of beet root’s tissue
caused by pulsed electric ﬁelds. Listy Cukrovarnicke a Reparske 120, 308–313.
Weaver, J.C., Chizmadzhev, Y.A., 1996. Theory of electroporation: a review.
Bioelectrochemistry and Bioenergetics 41, 135–160.
Zareifard, M.R., Ramaswamy, H.S., Trigui, M., Marcotte, M., 2003. Ohmic heating behaviour
and electrical conductivity of two-phase food Systems. Innovative Food Science and
Emerging Technologies 4, 45–55.
Zell, M., Lyng, J.G., Cronin, D.A., Morgan, D.J., 2009. Ohmic heating of meats: Electrical
conductivities of whole meats and processed meat ingredients. Meat Science 83, 563–570.
Zhu, Z., Bals, O., Grimi, N., Vorobiev, E., 2012. Pilot scale inulin extraction from chicory
roots assisted by pulsed electric fields. International Journal of Food Science and
Technology 47, 1361-1368.
Zhu, Z., Bals, O., Grimi, N., Ding, L., Vorobiev E., 2013. Qualitative characteristics and
dead-end ultrafiltration of chicory juice obtained from pulsed electric field treated
chicories. Industrial Crops and Products 46, 8-14.
91

Chapter III Intensification of Inulin Extraction
III.4 Conclusion
Chapter III is focused on intensification of solute and inulin extraction from chicory roots.
PEF pre-treatment and combined electroporation and ohmic heating were used for chicory
tissue disruption and inulin extraction intensification.
The feasibility of PEF assisted extraction of inulin from chicory roots was confirmed in a
pilot countercurrent extractor:
(1) With PEF treatment, inulin concentration increases from 10.68 to 12.18 g 100mL-1 when
diffusion temperature varies from 30 to 80oC.
(2) At conventional diffusion temperatures of 70-80oC, the juice is more reach in inulin and
the cossettes are better exhausted after the PEF treatment.
(3) The diffusion temperature can even be decreased by 10-15oC after the PEF treatment of
chicory slices. At a diffusion temperature of 60oC, the inulin juice concentration (11.65 g
100 mL-1) and the juice purity (87.1%) are comparable to those of conventional method.
(4) A PEF treatment duration of 10 ms at 600 V cm-1 will be sufficient for effective extraction
of chicory roots.
Also the beneﬁts of combined electroporation/ohmic heating pretreatment for the
enhancement of inulin extraction was evidenced. Compared to the non thermal
electroporation at 400-800 V/cm, combined electroporation/ohmic heating resulted in faster
and more complete damage of chicory tissues. Moreover, chicory tissue treated to the same
damage degree (Z=0.8-1.0) using very different PEF conditions (800, 1000 and 10000V/cm)
has nearly the same diffusivity. Combined electroporation/ohmic heating pretreatment showed
more rapid tissue denaturation than the non thermal PEF pretreatment. Moderate PEF
intensity induced electroporation/ohmic heating provide a possibility for high product
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throughputs of inulin from chicory.
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IV.1 Introduction
After obtaining chicory juice, purification is the next and important step to product inulin
with desirable quality. Chicory juice is conventionally purified by multiple operations:
clarification (primary purification) of raw juice by liming and carbonation at high pH;
demineralization using cationic and anionic ion-exchange resins; decolorization using active
carbon; spray drying of refined juice to obtain dry inulin powder. This process guarantees the
purity of obtained inulin, but it is relatively complex and is not environmentally friend since it
requires addition and usage of many chemical agents. Membrane filtration is widely used for
purification and separation in food research, because of its advantages as no chemical
substance addition, simple operation and easy to be realized in a large scale. The aim of this
chapter is to investigate filtration of chicory juice for inulin purification.
First of all, dead-end ultrafiltration with a laboratory scale unit (Amicon 8200) is carried
out to evaluate the feasibility of ultrafiltration for inulin purification (details are presented in
article III Qualitative characteristics and dead-end ultrafiltration of chicory juice obtained
from pulsed electric field treated chicories). In order to better understand the different
filtration behavior of juice extracted from different conditions (with or without PEF
pretreatment, low or high temperature), the quality of extracted chicory juice was first
analyzed. The purity of extracted juice was higher at lower diffusion temperature, 88.5% at
30°C (with PEF pre-treatment, called PEF juice at 30oC), 87.2% at 60°C (with PEF
pre-treatment, called PEF juice at 60oC) and 86.7% at 80°C (without PEF pre-treatment,
called control juice), respectively. More detailed analysis shows that juice with less proteins,
lower turbidities and lower coloration can be obtained by decreasing extraction temperature
from 80oC to 30oC. Membranes with MWCO of 5, 50 and 150 kDa were used for chicory
juice filtration at a trans-membrane pressure from 2 to 4 bar. Filtration behavior and the purity
of filtrate were studied. Filtration kinetic investigation shows that juices of higher purity
obtained at lower diffusion temperatures (PEF juice at 30oC, PEF juice at 60oC) shows the
faster filtration kinetics, because of their higher purity and lower membrane fouling. Purity of
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filtrates obtained by ultrafiltration is also affected by juice diffusion condition. For instance,
filtrates of PEF treated juices at 30 and 60oC have comparable purities, 91.2% and 90.9%
respectively, while the filtrate of the untreated juice at 80oC has a lower purity (86.8%). The
50 kDa membrane was evidenced better for chicory juice filtration since it resulted in higher
filtrate purity, while with a 5 kDa membrane long chain inulin molecular are retained and with
a 150 kDa membrane some proteins and pectin passes through it.
However, during above stated dead-end filtration of chicory juice, a clear filtration flux
decline was observed. This flux decline with filtration time may be caused by the
concentration polarization, cake formation and membrane pore fouling. Flux decline is also
the main difficulty for application of membrane technology in industrial area. Among
different kinds of membrane fouling control methods, the rotating disk module (RDM) was
used for clarification of chicory juice in the second part of this chapter. This RDM can
generate a high shear rate (1-3×105 s-1) and has been successfully applied in various areas
such as wastewater treatment and bio-separation.
In the second part of this chapter, membranes with MWCO or pore sizes of 100 kDa, 0.15
µm, 0.2 µm and 0.45 µm were used to clarify the chicory juice (details are presented in article
IV Chicory juice clarification by membrane filtration using rotating disk module). Filtration
with Amicon 8200 and RDM were carried out to compare these two filtration units.
Significant decline (more thant 50%) of permeate flux at the beginning period (45 s) and after
2400 s of filtration (corresponding to a Volume Reduction Ratio VRR=2) was observed with
Amicon 8200. The initial permeate flux is governed by membrane permeability (e.g. pore
size), while at the end of filtration the permeate flux is mainly controlled by fouling layer.
RDM filtration was studied in full recycling and concentration mode. In full recycling
experiments, permeate flux and filtrate quality (turbidity and carbohydrate transmission) was
studied when different membrane, trans-membrane pressure (TMP) and disk rotating speed
was applied. A 0.45 µm membrane and rotating speed of 2000 rpm were selected for
concentration experiments because this condition generated the desired flux decline,
carbohydrate transmission and filtrate turbidity. In the concentration test, characteristics
(carbohydrate content, soluble matter content and turbidity) of feed, permeate and retentate at
VRR=2 and 10 were studied. Compared with dead end filtration, at the same VRR (=2),
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permeate from RDM filtration has both a high carbohydrate content (9.88%) and low turbidity
(3.4 NTU vs. 12.6 NTU for dead end filtration). The RDM permitted to achieve a VRR of 10,
with high permeate flux. And 10.8 L permeate with turbidity of 3.9 was obtained. Large
differences in appearance and color for feed, permeate and retentate were observed in
experiment.
During RDM filtration process, TMP and shear rate are two key operating parameters.
TMP plays the role as driven force for both flux augmentation and membrane fouling. A high
shear rate could eliminate membrane fouling at the cost of energy consumption. Therefore,
the third part of this chapter (details are presented in article V Study of rotating disk assisted
dead-end filtration of chicory juice and its performance optimization) aims to optimize the
filtration performance and minimize its energy consumption by investigating the interactions
of these two operation parameters and their effect on filtration behavior. In this part, response
surface methodology (RSM) was employed to obtain the best possible combination of
trans-membrane pressure (TMP) (X1: 2-6 bar) and shear rate (X2: 12000 to 102000 s-1) for a
maximum average flux and minimum specific energy consumption.
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IV.2 Article III Qualitative characteristics and dead-end ultrafiltration of chicory juice
obtained from pulsed electric field treated chicories
Abstract
Qualitative characteristics and dead-end ultrafiltration behavior of chicory juice obtained at
different temperatures from untreated and pulsed electric field (PEF) treated chicory roots are
investigated. The chicory juices obtained at lower temperatures (30 and 60°C) from PEF
treated chicories are less colorized, have lower turbidity, lower protein content, and higher
purity than conventional juice obtained at 80°C.
The ultrafiltration behavior of the untreated and PEF treated chicory juice was studied in
the dead-end filter cell under different pressures (1, 2 and 4 bars) and with stirring at 500 rpm.
Three types of polyethersulfone membranes with MWCO of 150, 50 and 5 kDa were used.
The membrane with MWCO of 50 kDa produced the most purified filtrate, while the
membrane with lower MWCO (5 kDa) produced less purified filtrate probably due to the
partial retention of inulin molecules. The increase of TMP from 1 to 2 bars increased the
filtration flux and the juice purity. The ultrafiltration behavior of obtained chicory juices was
successfully described by the filtration model with intermediate blocking mechanism.
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a b s t r a c t
Qualitative characteristics and dead-end ultraﬁltration behavior of chicory juice obtained at different
temperatures from untreated and pulsed electric ﬁeld (PEF) treated chicory roots are investigated. The
chicory juices obtained at lower temperatures (30 and 60 ◦ C) from PEF treated chicories are less colorized,
have lower turbidity, lower protein content, and higher purity than conventional juice obtained at 80 ◦ C.
The ultraﬁltration behavior of the untreated and PEF treated chicory juice was studied in the deadend ﬁlter cell under different pressures (1, 2 and 4 bars) and with stirring at 500 rpm. Three types of
polyethersulfone membranes with MWCO of 150, 50 and 5 kDa were used. The membrane with MWCO
of 50 kDa produced the most puriﬁed ﬁltrate, while the membrane with lower MWCO (5 kDa) produced
less puriﬁed ﬁltrate probably due to the partial retention of inulin molecules. The increase of TMP from 1
to 2 bars increased the ﬁltration ﬂux and the juice purity. The ultraﬁltration behavior of obtained chicory
juices was successfully described by the ﬁltration model with intermediate blocking mechanism.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Inulin is a kind of non digestible carbohydrate and can be used
as a fat replacer in food fabrication (Vendrell-Pascuas et al., 2000).
It belongs to fructan group, consisting of 2–70 repeating units of
fructose (Franck and De Leenheer, 2005). Inulin molecules obtained
from different plants differ in their degree of polymerization (DP)
and molecular weights (Lopez-Molina et al., 2005).
Chicory roots are widely used for commercial production of
inulin (Toneli et al., 2008; Baert, 1997; Baert and Bockstaele, 1992),
as well as for herbicidal product extraction (Wang et al., 2011).
Conventionally, harvested chicory roots are washed under highpressure water jet, sliced and then transported into extractor for
the aqueous diffusion of inulin at 70–80 ◦ C during 1–2 h (Loginova
et al., 2011a). The thermal denaturation of chicory tissue in a hot
water leads to intensive inulin transfer into the juice. Additionally,
other cell components, for instance proteins, pectins, colloids and
colorants, pass into the juice decreasing its purity (Zhu et al., 2012).
Pulsed electrical ﬁeld (PEF) has been used to realize more
selective non-thermal or moderate thermal extraction of active
components from various plants. For instance, Loginova et al.
(2011b) reported higher purity of juice obtained by cold diffusion
(30 ◦ C) from the PEF treated sugar beet. Zhu et al. (2012) reported

∗ Corresponding author. Tel.: +33 03 44 23 41 88; fax: +33 03 44 23 46 86.
E-mail address: zhenzhou.zhu@utc.fr (Z. Zhu).

the similar or better quality of juice obtained by moderate thermal diffusion (50–60 ◦ C) from the PEF treated chicory in compare
to the juice obtained by conventional diffusion (70–80 ◦ C) from the
untreated chicory.
Industrially, one possible puriﬁcation process of chicory juice
consists of pre-liming, liming, ﬁrst carbonation, ﬁrst ﬁltration, second carbonation and second ﬁltration (Franck and De Leenheer,
2005). This multistage process is similar to the sugar beet juice
puriﬁcation (Loginova et al., 2012; Asadi, 2007). After such multistage puriﬁcation, most juice impurities can be removed. The
quantity of lime used for puriﬁcation depends on the initial juice
composition and purity. It may be speculated that more pure juices,
obtained with PEF treatment, are easier to purify than the juices
obtained by conventional diffusion at 70–80 ◦ C. This is the way
to decrease the lime consumption or even to purify the PEF juice
without lime, using only membrane ultraﬁltration.
Previous study shows that the sugar beet juice obtained from
PEF assisted diffusion needs less lime consumption (Loginova et al.,
2012) or alternatively can be puriﬁed by ultraﬁltration (Loginov
et al., 2011).
Membrane ﬁltration of different bio-suspensions and juices has
been intensively studied (De Bruijn et al., 2002; Cassano et al.,
2008; Rai et al., 2006; Yazdanshenas et al., 2010). Ultraﬁltration
was reported to be a possible technique for puriﬁcation of raw and
partially clariﬁed sugar beet and sugar cane extracts (Ghosh et al.,
2000; Kishihara et al., 1989; Hamachi et al., 2003; Dornier et al.,
1995). It was shown that ultraﬁltration may decrease concentration

0926-6690/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.indcrop.2013.01.014
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of impurities (pectins, proteins and colloids) in the juice and
increase juice purity (Shahidi and Razavi, 2006; Hakimzadeh et al.,
2006; Vern et al., 1995; Gyura et al., 2002). However, the membrane ﬁltration of conventional sugar beet and chicory juice is not
yet industrially implemented due to the low ﬁlterability of these
juices. The common phenomenon in pressure-driven membrane
ﬁltration is the membrane fouling, which can result in permeate
ﬂux declining with time. This phenomenon is resulted by accumulation of feed components in the membrane pores as well as
on the membrane surface (Gokmen and Cetinkaya, 2007). Several
efforts have been devoted to minimize membrane fouling, such as
pre-treatment of feed juice and more suitable membrane selection
(Saha et al., 2009).
The juices extracted alternatively, with PEF treatment, contain
less impurity than conventional juice obtained at the elevated temperatures. Therefore, it can be supposed that the PEF juices are
better adapted for the membrane ﬁltration. However, the membrane ﬁltration of chicory juices obtained with PEF treatment was
not yet studied.
In this study, ultraﬁltration was used to purify chicory juice
obtained with PEF treatment on the pilot scale extractor. The
qualitative juice characteristics (color, proteins content, purity)
were determined for different extraction temperatures (30, 60
and 80 ◦ C). The effects of molecular weight cut-off (MWCO) of
membrane, transmembrane pressure (TMP) and juice extraction
conditions (PEF treatment and diffusion temperature) on the ﬁltrate purity and membrane fouling were investigated.

9

Fig. 1. Schematic diagram of the ﬁltration set-up.

experiments were performed at room temperature applying transmembrane pressure (TMP) of 1, 2, and 4 bars. The mass of ﬁltrate
during ﬁltration was recorded by a computer.
2.3. Analysis of juice and ﬁltrate

2. Materials and methods
2.1. Preparation of chicory juice for ultraﬁltration
The fresh chicory roots provided by COSUCRA, Belgium were
sliced and then electrically treated using the stainless steel electrodes and a pilot PEF generator 5 kV–1000 A (Hazemeyer, France).
The monopolar pulses with electric ﬁeld intensity of E = 600 V/cm,
pulse duration ti = 100 s and pulse repetition time t = 5 ms were
applied. The number of pulses n was ﬁxed at 500. The total PEF treatment time tPEF was n• ti = 0.05 s and the electric energy consumption
was 25 kJ/kg of slices.
Hot water extraction of untreated and PEF treated slices were
carried out in a temperature controlled counter current pilot-scale
extractor. Construction and operating principles of the extractor
are reported in a previous work (Zhu et al., 2012). Diffusion experiments were carried out at T = 30 ◦ C, 80 ◦ C (for untreated slices),
and at T = 30 ◦ C, 60 ◦ C (for PEF treated slices). Diffusion duration
was 90 min. Therefore, four different juices were obtained after
extraction. They will be referred below as “control juice at 30 ◦ C”,
“control juice at 80 ◦ C” for the diffusion without PEF treatment, and
“PEF juice at 30 ◦ C”, “PEF juice at 60 ◦ C” for the diffusion with PEF
treatment, corresponding to the inulin diffusion temperatures.
2.2. Ultraﬁltration of inulin juice
Ultraﬁltration set-up is presented in Fig. 1. Dead-end ultraﬁltration was performed in a stirred cell Amicon 8200 (effective
membrane area 3.17 × 10−3 m2 and maximal volume 180 mL)
(Millipore, Billaica, USA). For each experiment, 100 mL of feed
juice was used, and 70 mL of ﬁltrate was obtained. Three
types of hydrophilic polyethersulfone ultraﬁltration membranes
(Microdyn-Nadir GmbH, Germany) with molecular weight cut-off
(MWCO) of 5, 50 and 150 kDa were used to purify feed juice. New
membrane was used for each set of experiments. The stirring was
done by means of magnetic stirrer ﬁxed over the membrane surface and rotating at the constant rate of ω = 500 rpm. Ultraﬁltration
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The concentration of soluble solids (Brix, %) in juice was measured using a digital refractometer PR-32a (ATAGO Co., LTD, Japan).
Each 3 g of ﬁltrate were sampled for Brix measurement.
The concentration of proteins was determined by means of
Bradford method (Bradford, 1976). The details of analysis are
presented in Technical Bulletin for Bradford Reagent (B 6916,
Sigma–Aldrich).
The coloration and turbidity of juices were measured and calculated according to recommendations of international commission
for uniform methods of sugar analysis (ICUMSA). The juice turbidity
was expressed as the difference between the absorbance measured
at 720 nm before and after the ﬁltration of the sample through the
0.45 m membrane. The coloration of juices (pre-ﬁltered through
the 0.45 m membrane) was calculated as:
Coloration = (aborbance at 420 nm × 105 )/Brix

(1)

The volume-based function of particle size distribution SDF (%)
of extracted juice was measured using an analytical photocentrifuge LUMiSizer 610.0–135 (L.U.M. Gmbh, Germany). Rectangular
plastic optical cells, supplied by the photocentrifuge manufacturer,
with the optical path length of 10 mm and cross-sectional area
of 7 × 10−5 m2 , were used. SDF was calculated using the original
software SEPView 5.1 (L.U.M. Gmbh, Germany) for granulometric
analysis.
Inulin content was analyzed using a high performance liquid
chromatography (HPLC) (Monti et al., 2005). The samples were
adjusted with HCl (1 mol/L) solution to assure the pH in the
range of 3.9–4.5, then hydrolyzed by novozyme (NOVO inulinase
Fructozyme® (previously called SP230)), incubating at 60–62 ◦ C
for 2 h. After ﬁltered by 0.45 m membrane, 20 L of the ﬁltrates
were injected in the HPLC column (Rezex RKP-potassium K + 8%,
300 × 7.8 mm), column temperature was 85 ◦ C. Water with a ﬂow
rate of 0.5 mL min−1 was used as the mobile phase. The retention time was 20 min. The areas of the identiﬁed HPLC peaks were
calculated and were used to conﬁrm the inulin concentration by
comparison with standards.
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Fig. 2. (a) Soluble matter yield versus extraction time, and (b) juice purity at different extraction conditions.

The purity P was calculated as the mass percentage ratio of inulin
to the total soluble solids (◦ Brix) in the ﬁltrate or juice (Zhu et al.,
2012).

Eq. (4) was rearranged as Eq. (5), and integrated to obtain Eq.
(6) by applying the boundary conditions (V = 0 at t = 0, and V = V at
t = t).



dt =

2.4. Analysis of membrane fouling

0

The general ﬁltration equation is as follows (Gokmen and
Cetinkaya, 2007):
dV
APtm
=
Rtot
dt

(2)

where V (m3 ) is the ﬁltrate volume, t is the ﬁltration time (s), A is
the effective membrane area (m2 ),  is the viscosity (Pa s) of the
feed juice, Ptm is the transmembrane pressure (Pa) and Rtot is the
total ﬁltration resistance (m−1 ).
De La Garza and Boulton (1984) proposed an exponential model,
presented in Eq. (3), assuming that the total resistance (Rtot ) to
ﬁltrate ﬂow is empirically related to the ﬁltrate volume. This exponential model was successfully used in various studies, such as
soluble rice bran ﬁber ultraﬁltration (Wan et al., 2012), apple juice
ultraﬁltration (Gokmen and Cetinkaya, 2007) and stevia extract
microﬁltration (Reis et al., 2008).
Rtot = Rm exp

 kV 
A

(3)

where Rm is the membrane resistance (m−1 ) and k is the exponential fouling coefﬁcient (m−1 ). According to De La Garza and
Boulton (1984), the value of k depends on many factors such as
feed composition, operation conditions and membrane properties.
By substituting Eq. (3) to Eq. (2), one can obtain Eq. (4):
dV
APtm
=
dt
Rm exp (kV/A)

t

(4)

t=

Rm
APtm

Rm
kPtm





exp

V

exp

 kV 

0

 kV 
A

A

dV

(5)



−1

(6)

On the basis of Eq. (6), one can obtain Eq. (7) to show relationship
between ﬁltrate volume (V) and ﬁltration time (t).
V=

A
ln
k

 kP

tm

Rm



t+1

(7)

Through Eq. (7), the value of k can be determined by ﬁtting experimental data to this equation.
2.5. Statistical analysis of data
Each experiment was repeated, at least, three times. Means and
standard deviations of data were calculated and presented in the
ﬁgures as error bars.
3. Results and discussion
3.1. Extraction results and juice quality
Variation of soluble matter yield during diffusion is presented
in Fig. 2(a). Soluble matter yield is deﬁned as the ratio of soluble
matter content (◦ Brix) in the solution to the initial soluble matter
content (◦ Brix) in the cellular juice of chicories. X axis represent the
equivalent time position of the cossettes in the extractor according to a residence time of 7.5 min in each section. More details are
referred in Zhu et al. (2012).
As it is shown in Fig. 2(a), the PEF treatment accelerates
signiﬁcantly solute diffusion from chicory, especially at lower
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Fig. 3. Coloration, turbidity and protein concentration in extracted juices versus
diffusion temperature.
Fig. 4. Particle size distribution function in the chicory juices.

temperatures. Consequently, the kinetics of solute diffusion at
60 ◦ C from the PEF treated chicory was very close to the kinetics
of solute diffusion at 80 ◦ C from the untreated chicory. Solute
extraction at 30 ◦ C from the PEF treated chicory was somewhat
slower than one at 60 ◦ C. However it remained considerably faster
than solute extraction at 30 ◦ C from the untreated chicory (Fig. 2a).
Diffusion temperature also inﬂuences on the juice purity. The
purity of extracted juice was highest at lower diffusion temperature of 30 ◦ C: 88.5% (Fig. 2b), conﬁrming the tendency reported
in the work of Loginova et al. (2011b). The purities of PEF juice at
60 ◦ C and control juice at 80 ◦ C were slightly lower: 87.2% and 86.7%
respectively. This can be explained by more complete tissue denaturation in the hot water at higher temperatures 60 and 80 ◦ C and
by the additional passage of tissue components into the juice (Zhu
et al., 2012).
The results of more detailed analysis of juice quality (proteins,
coloration and turbidity of extracted juices) are presented in Fig. 3.
The higher diffusion temperature promotes protein extraction.
Concentration of proteins in the extracted juices increases signiﬁcantly (from 0.24% to 0.31%) when the diffusion temperature rises
from 30 ◦ C to 60 ◦ C. However, the quantity of proteins in the juice
increases less importantly when the diffusion temperature rises
from 60 ◦ C to 80 ◦ C.
The coloration and turbidity of extracted juices versus the temperature of extraction are also presented in Fig. 3. Increase of
extraction temperature from 30 ◦ C to 80 ◦ C resulted in the higher
juice turbidity (on 17%) and in the higher juice coloration (on 14%).
It was reported that the turbidity of fruit juice is an important
parameter of the ﬁltration performance (Vaillant et al., 2008). The
high diffusion temperature accelerates the color formation reactions and the yield of colored compounds (Decloux et al., 2000;
Mersad et al., 2003; Coca et al., 2004). Therefore, less colorized juice
can be obtained by decrease of extraction temperature from 80 ◦ C
to 30 ◦ C, which may prevent or postpone formation of melanoidins
during extraction process.
Evolution of particle size distribution function (SDF) is shown
in Fig. 4. The PEF juice obtained at 30 ◦ C has bigger suspended particles (average size of 11 ± 1 m) as compared to the control juice
obtained at 80 ◦ C (average size of 9 ± 1 m) (with 95% conﬁdence
intervals). In terms of membrane fouling, small particles are easier
to deposit on the membrane surface, sealing the membrane pores
(partially or totally), and may also contribute to the more dense
cake formation when transmembrane pressure is applied, because
small particles are more stable to stay on the membrane surface
(Hwang et al., 2010). Thus, the control juice obtained at 80 ◦ C may
have a worse ﬁltration performance.
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3.2. Effect of the membrane type on the ﬁltration behavior and
ﬁltrate purity
In order to compare the effect of the membrane MWCO (5 kDa,
50 kDa and 150 kDa) on the ﬁltration kinetics and ﬁltrate purity,
the ultraﬁltration experiments were performed with “PEF juice at
60 ◦ C” at the TMP of 4 bars. The “PEF juice at 60 ◦ C” was selected
because of its similar solute content and higher juice purity as compared to the control juice at 80 ◦ C (Fig. 2).
The plot of ﬁltrate volume versus ﬁltration time for the studied
MWCO membranes is presented in Fig. 5(a). Dashed lines show that
Eq. (7) ﬁts well the experimental data (r2 = 0.996 ± 0.006). Increasing the membrane MWCO from 5 to 50 kDa enhances the ﬁltration
ﬂux, but the following increasing of the membrane MWCO from 50
to 150 kDa does not improve the ﬁltration ﬂux.
The value of fouling coefﬁcient (k) calculated by ﬁtting experimental data to Eq. (7) is presented in Fig. 5(b). The highest value of
k for the 50 kDa membrane indicates the more important tendency
of this membrane to fouling. Differentiation of Eq. (3) yields:
dRtot
kRm
=
exp
A
dV

 kV 
A

=

k

Rtot = k Rtot
A

(8)



where k = Ak .
Herman and Bredee suggested Eq. (9) to describe the different
ﬁltration mechanisms (Purchas, 1971): cake ﬁltration (n = 0), complete blocking (n = 2), standard blocking (n = 1.5), and intermediate
blocking (n = 1).
dRtot
n
= KRtot
dV

(9)

where, n and K are the constants.
In our case (Eq. (9)), n = 1 indicates that intermediate blocking
mechanism describes well the experimental data. This mechanism
corresponds to a seal of membrane pores by a fraction of particles
and a deposition of the rest of particles on the top of membrane.
As shown in Fig. 6, the 50 kDa membrane produced the most
puriﬁed ﬁltrate (90.9%), while the 5 kDa membrane unexpectedly
produced the less puriﬁed ﬁltrate (85.5%) with purity even lower
than that of the initial juice (87.2%).
As mentioned by Franck and De Leenheer (2005), an amount of
inulin with degree of polymerization more than 40 is present in
chicory juice. Azis et al. (1999) showed that the average molecular
weight of inulin in chicory roots is about of 6.2 kDa. Therefore, the
inulin molecules can be partially retained by the 5 kDa membrane,
which leads to their lack in the ﬁltrate and to the decrease of ﬁltrate
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Fig. 5. (a) Filtrate volume versus ﬁltration time and (b) fouling coefﬁcient k for the
membranes with MWCO 5, 50 and 150 kDa. Dashed lines correspond to the model
(Eq. (7)), points correspond to experimental data. Operation conditions: TMP 4 bar,
PEF juice at 60 ◦ C.

purity. The 150 kDa membrane retains fewer impurities than the
50 kDa membrane and produces the ﬁltrate of lower purity. The
proteins with molecular weight more than 50 kDa (Cyr and Derek
Bewley, 1990) and some pectins with molecular weight less than
300 kDa (Robert et al., 2008) may partially penetrate through the
150 kDa resulting in a less puriﬁed ﬁltrate.

Fig. 6. Purity of ﬁltrate obtained during ﬁltration with different membranes. Operation conditions: TMP 4 bar, PEF juice at 60 ◦ C.

Fig. 7. (a) Filtrate volume versus ﬁltration time and (b) fouling coefﬁcient k for the
membrane with MWCO 50 kDa. Dashed lines correspond to the model (Eq. (7)),
closed points correspond to experimental data. Operation conditions: TMP 4 bar,
PEF juices at 30 and 60 ◦ C, control juice at 80 ◦ C.

3.3. Effect of the feed juice purity on the ﬁltration kinetics and
ﬁltrate purity
Fig. 7(a) shows the ﬁltration kinetics V(t) for juice obtained with
PEF treatment (PEF juice at 30 ◦ C, PEF juice at 60 ◦ C) and without
PEF treatment (control juice at 80 ◦ C). The 50 kDa membrane was
used to obtain the most puriﬁed ﬁltrate and to assure the effective
ﬁltration. It is obvious that the juices of higher purity obtained at
lower diffusion temperatures (PEF juice at 30 ◦ C, PEF juice at 60 ◦ C)
shows the faster ﬁltration kinetics. For instance, the time required
to collect 70 mL of ﬁltrate decreased from 4400 to 2160 s when the
diffusion temperature decreased from 80 to 30 ◦ C. The better ﬁltration of juices obtained from PEF treated chicory can be explained by
smaller quantity of colloidal substances in these juices due to the
lower diffusion temperature. Loginova et al. (2011b) reported the
faster ﬁltration of the 30 ◦ C juice after the PEF treatment of sugar
beet, compared to the 70 ◦ C juice obtained from the untreated sugar
beet.
The values of fouling coefﬁcient (k) for studied inulin juices are
presented in Fig. 7(b). The increase of k from 46.7 m−1 (PEF juice
at 30 ◦ C) to 67.0 m−1 (control juice at 80 ◦ C) conﬁrms the negative effect of higher diffusion temperature on the ultraﬁltration
behavior of juice. Higher colloidal content of feed juice leads to
the increased value of fouling coefﬁcient.
Purity of ﬁltrates obtained by ultraﬁltration of the studied feed
juices is presented in Fig. 8. Filtrates of PEF treated juices at 30 and
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Fig. 8. Purity of ﬁltrate obtained during ﬁltration with different feed juices. Operation conditions: TMP 4 bar, 50 kDa membrane.

60 ◦ C have comparable purities, 91.2% and 90.9% respectively, while
the ﬁltrate of the untreated juice at 80 ◦ C has a lower purity (86.8%).
It can be concluded that even the membrane of 50 kDa cannot effectively retain impurities of the feed juice obtained at higher diffusion
temperature of 80 ◦ C. Considering that the extraction yield of the
PEF juice at 30 ◦ C is somewhat lower than one of the PEF juice at

Fig. 10. Purity of ﬁltrate obtained during ﬁltration under different TMP. Operation
conditions: 50 kDa membrane, PEF juice at 60 ◦ C.

60 ◦ C (Fig. 2), the diffusion temperature of 60 ◦ C may be considered
as preferable in industrial application.
3.4. Effect of transmembrane pressure on the ﬁltration kinetics
and ﬁltrate purity
The ﬁltration kinetics V(t) of diffusion juices obtained at 60 ◦ C
with PEF treatment are presented in Fig. 9(a) for different TMP (1, 2
and 4 bars). Higher ﬁltration ﬂux is observed with increase of TMP
from 1 to 2 bars, however, the ﬁltration ﬂux is not improved when
pressure rises from 2 to 4 bars (Fig. 9(a)). It can be explained by
the signiﬁcant increase of fouling coefﬁcient k for the TMP of 4 bars
(Fig. 9(b)).
Fig. 10 shows the effect of TMP on the ﬁltrate purity. The purity
of feed juice (PEF juice at 60 ◦ C), P = 87.2% is also presented for comparison. The purity of ﬁltrate was slightly increased (from 89.3% to
90.3%) when TMP increased from 1 bar to 4 bar. Other researches
also reported the increase of ﬁltrate purity with TMP for various
juices (Decloux et al., 2000; Jiraratananon et al., 1997). The increase
of purity at higher TMP may be associated with additional fouling
of membrane at higher pressures leading to the better retention of
some impurities.
The above explanation corresponds to the results of Fig. 9(b),
which show the increase of fouling coefﬁcients for higher TMP.
Gokmen and Cetinkaya (2007), studying the ultraﬁltration of apple
juice, also reported the same trends between fouling coefﬁcient
and transmembrane pressure. The optimum pressure corresponding to the minimal ﬁltration resistance was suggested by Sahin and
Bayindirli (1993) for sour cherry juice ﬁltration.
4. Conclusions

Fig. 9. (a) Filtrate volume versus ﬁltration time, and (b) fouling coefﬁcients of 50 kDa
membrane under different TMP. Dashed lines correspond to the model (Eq. (7)),
closed points correspond to experimental data. Operation condition: PEF juice at
60 ◦ C.
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PEF pretreatment enhances inulin extraction from chicory roots
at lower extraction temperatures of 60 and 30 ◦ C. The diffusion
juices obtained at lower temperatures from PEF treated chicory
are less colorized, have lower turbidity, lower protein content, and
higher purity than the conventional juice obtained at 80 ◦ C.
The dead-end ultraﬁltration of obtained diffusion juices in a
steering cell permits their following puriﬁcation. The hydrophilic
polyethersulfone membrane with MWCO of 50 kDa produced the
most puriﬁed ﬁltrate, while the membrane with lower MWCO
(5 kDa) produced less puriﬁed ﬁltrate probably due to the partial
retention of inulin molecules. The increase of TMP from 1 to 2 bars
was beneﬁcial increasing the ﬁltration ﬂux and the juice purity.
The following increasing of TMP to 4 bars leaded to the additional
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membrane fouling and did non increase the ﬁltration ﬂux. The
ultraﬁltration behavior of obtained chicory juice can be successfully
described by the model of intermediate blocking mechanism.
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IV.3 Article IV Chicory juice clarification by membrane filtration using rotating disk
module
Abstract
Clarification is the first step of inulin production from chicory juice, and membrane filtration
as an alternative can greatly simplify this process, increase juice yield, improve product
quality, and reduce the cost and waste volume. In this study, a rotating disk module (RDM)
was used to investigate the clarification of chicory juice by four micro- and ultrafiltration
membranes. Compared with dead end filtration, the RDM had a much higher permeate flux
and product quality. High rotating speeds produced high permeate fluxes and reduced flux
decline, because of the strong back transport of foulant from fouling layer to feed solution. At
high rotating speeds of 1500-2000 rpm, the permeate flux increased with membrane pore size
and transmembrane pressure (TMP), while at low rotating speeds (<1000 rpm), permeate flux
was independent of membrane type and TMP due to a thick deposited fouling layer as a
dominant filtration resistance, while saccharide transmission decreased at higher TMP
because of denser cake layer as an additional selective membrane. The highest saccharide
transmission (~98 %) and desirable permeate turbidity (2.4 NTU) was obtained at a TMP of
75 kPa and a rotating speed of 2000 rpm for FSM0.45PP membrane. With the RDM, the
volume reduction ratio (VVR) could reach 10 with a high permeate flux (106 Lm-2h-1) in the
concentration test, and permeate was rich in saccharide and well clarified. Chemical cleaning
with 0.5% P3-ultrasil 10 detergent solution was able to recover 90% water flux of fouled
membrane.
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a b s t r a c t
Clariﬁcation is the ﬁrst step of inulin production from chicory juice, and membrane ﬁltration as an alternative can greatly simplify this process, increase juice yield, improve product quality, and reduce the cost
and waste volume. In this study, a rotating disk module (RDM) was used to investigate the clariﬁcation of
chicory juice by four micro- and ultraﬁltration membranes. Compared with dead end ﬁltration, the RDM
had a much higher permeate ﬂux and product quality. High rotating speeds produced high permeate
ﬂuxes and reduced ﬂux decline, because of the strong back transport of foulant from fouling layer to feed
solution. At high rotating speeds of 1500–2000 rpm, the permeate ﬂux increased with membrane pore
size and transmembrane pressure (TMP), while at low rotating speeds (<1000 rpm), permeate ﬂux was
independent of membrane type and TMP due to a thick deposited fouling layer as a dominant ﬁltration
resistance, while carbohydrate transmission decreased at higher TMP because of denser cake layer as an
additional selective membrane. The highest carbohydrate transmission (98%) and desirable permeate
turbidity (2.4 NTU) was obtained at a TMP of 75 kPa and a rotating speed of 2000 rpm for FSM0.45PP
membrane. With the RDM, the Volume Reduction Ratio (VRR) could reach 10 with a high permeate ﬂux
(106 L m2 h1) in the concentration test, and permeate was still rich in carbohydrate and well clariﬁed.
Chemical cleaning with 0.5% P3-ultrasil 10 detergent solution was able to recover 90% water ﬂux of
fouled membrane.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Inulin, ﬁrst separated from the extract of Inula helenium in 1804
and named by Thomson in 1818, is an energy reserving material
(Kim et al., 2001). Chemically, inulin is a kind of fructan, consisting
of 2–70 repeating fructose units (De Leenheer and Hoebregs,
1994). Being classiﬁed as non digestible carbohydrate, inulin has
been widely used as a fat substitute in food industry (Vendrell-Pascuas et al., 2000). Among those various inulin containing plants
(chicory root, dahlia tuber, Jerusalem artichoke, burdock root,
onion bulb and leek bulb) (Vanloo et al., 1995), chicory root, dahlia
tuber and Jerusalem artichoke, because of their high inulin content
(>10%), are considered as good candidates for industrial production
of inulin. Especially, chicory root is the favored one for extraction
of inulin, due to its easy cultivation, high inulin yield (Franck and
De Leenheer, 2005) and stable long-chain production (Toneli
et al., 2008).
Conventional production of inulin involves several steps (Franck
and De Leenheer, 2005): (1) extraction of inulin from the sliced
chicory roots with hot water in a counter-current diffuser, at a
temperature of 70–80 °C during 1–2 h; (2) clariﬁcation (primary
puriﬁcation) of raw juice by liming and carbonation at high pH;
⇑ Corresponding author. Tel.: +33 3 4423 4634; fax: +33 3 4423 7942.
E-mail addresses: zhenzhou.zhu@utc.fr (Z. Zhu), luhui.ding@utc.fr (L. Ding).

(3) further reﬁning using cationic and anionic ion-exchange resins
for demineralization, and active carbon for decolorization; (4)
spray drying of reﬁned juice to obtain dry inulin powder.
In contrast to the conventional inulin extraction process, which
requires high temperature and long time, alternative technologies
have been carried out, including supercritical carbon dioxide (CO2)
(Mendes et al., 2005), ultrasound (Wei et al., 2007), simultaneous
ultrasonic/microwave (Lou et al., 2009) and pulsed electric ﬁeld
(PEF) assisted extraction (Loginova et al., 2010; Zhu et al., 2012).
These technologies pointed out the possibility to extract inulin
with a less polluting, less energy consuming and high efﬁcient process. According to Zhu et al. (2012), a PEF pre-treatment of chicory
cossettes could signiﬁcantly decrease the diffusion temperature by
20 °C and promote inulin transport from chicory to extracted juice.
The classical method for inulin clariﬁcation requires multiple
operation steps (pre-liming, liming, a ﬁrst carbonation, a ﬁrst
ﬁltration, a second carbonation and second ﬁltration (Franck and
De Leenheer, 2005) and also high temperature (80–90 °C), which
may lead to the hydrolysis of inulin molecular in the extracted juice
(Kim et al., 2001). Although, these puriﬁcation steps can effectively
remove insoluble and certain soluble substances, they may also
introduce additional calcium ions into clariﬁed juice that requires
further puriﬁcation treatments. Thus, this widely used
classical clariﬁcation technology is also regarded as labor intensive
and time-consuming. Membrane technologies (especially

0260-8774/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
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microﬁltration and ultraﬁltration) have been proposed and investigated as an alternative for juice clariﬁcation (Cassano et al., 2007;
De Bruijn et al., 2003; Mirsaeedghazi et al., 2010; Youn et al.,
2004) because of their advantages such as high productivity, low
operation cost and high product quality.
However, the use of membrane ﬁltration is limited by ﬂux decline with ﬁltration time due to the concentration polarization,
cake formation and membrane pore fouling (De Bruijn et al.,
2003; Luo et al., 2012a; Rai et al., 2010). In juice ﬁltration fouling
is caused by the accumulation of macromolecular or colloidal species (such as pectin, proteins and colorants) on the membrane surface as well as in the membrane pores. Efforts have been made to
eliminate or control membrane fouling, including fabrication of
anti-fouling membranes (Liu et al., 2006; Zhao et al., 2008), pretreatment of feed juice (Gokmen and Cetinkaya, 2007), and use
of shear-enhanced process (Fillaudeau et al., 2007; Luo et al.,
2010, 2012a). Among these available approaches, operating at high
shear rate is technically sound and economically attractive. For
example, the rotating disk module (RDM) which can generate a
high shear rate (1–3  105 s1) has been successfully applied in
various areas such as wastewater treatment (Luo et al., 2012b)
and bio-separation (Mellal et al., 2008).
Although clariﬁcation of juice by membrane technologies has
been widely investigated, this study is the ﬁrst one using a RDM
in micro and ultra ﬁltrations of chicory juice. The goals of present
work were to compare the ﬁltration behavior and clariﬁcation efﬁciency of dead-end ﬁltration and RDM, to investigate the effect of
process parameters, i.e. membrane pore size, rotating speed and
transmembrane pressure (TMP), on ﬂux, permeate turbidity and
carbohydrate transmission, and to evaluate the membrane performance for clariﬁcation of chicory juice in concentration mode.
2. Materials and methods
2.1. Extraction of chicory juice
Fresh chicory roots provided by COSUCRA, Belgium, were used
for juice extraction. After pulsed electric ﬁeld (PEF) pretreatment
of 50 ms by a pilot PEF generator (Hazemeyer, France), sliced chicory juice was put into a temperature controlled counter current pilot-scale extractor. The temperature during diffusion varied
between 30 and 80 °C, and the diffusion duration was ﬁxed at
90 min. Construction and principle of operation of the diffuser
and details of the diffusion experiments were reported in previous
work (Zhu et al., 2012). The extracted juices from different diffusion conditions were pre-ﬁltered by mesh of 0.25 mm pore size
and mixed, then divided into portions of 1.5 L and stored at the
temperature of 20 °C until further use. The main characteristics
of the chicory juice are presented in Table 1.

Table 1
Main characteristics of chicory juice.
Characteristics

Value

Component concentration (%)
Dry mass
Soluble matter
Inulin
Carbohydrate
Pectin
Protein

12.3–12.9
8.5–12
9–11
11.5–12
NA
0.2–0.4

Solute molecular weight range (kDa)
Inulin
Pectin
Protein
pH (at 25 °C)
Viscosity (mPas)

0.34–11.2
300–890 (Robert et al., 2008)
14.2–66 (Cyr and Bewley, 1990)
5.3–5.8
1.7 ± 0.3 (25 °C), 0.92 ± 0.25 (50 °C)
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2.2. Clariﬁcation of chicory juice by dead end ﬁltration
Dead-end ﬁltration was performed in a stirred cell Amicon 8200
(effective membrane area 3.17  103 m2 and maximal volume
180 mL) (Millipore, Billaica, USA). The temperature of the feed
juice was maintained at 50 ± 1 °C during the ﬁltration. Compressed
air was used to supply a TMP of 1 bar. Membranes with molecular
weight cut-off (MWCO) or pore sizes of 100 kDa, 0.15, 0.2 and
0.45 lm were used to clarify the feed juice, and their main properties are presented in Table 2. A magnetic stirrer ﬁxed over the
membrane surface provided a constant stirring speed of 350 rpm.
For each experiment, 180 mL of feed juice was concentrated to
90 mL. The mass of permeate was recorded with time by a computer during ﬁltration for further calculation. Filtration permeate
(90 mL) and the corresponding retentate (90 mL) were collected
for subsequent analysis.
2.3. Clariﬁcation of chicory juice by RDM
2.3.1. RDM set-up
The RDM module, shown in Fig. 1, was used for clarifying chicory juice. A ﬂat membrane, with an effective area of 176 cm2 (outer
radius R1 = 7.72 cm, inner radius R2 = 1.88 cm), was ﬁxed on the
cover of the cylindrical housing in front of the disk. The disk
equipped with 6 mm-high vanes, which can generate very high
shear rates on the membrane, can rotate from 500 to 2500 rpm.
The module was fed from a thermostatic and stirred tank containing 12 L of ﬂuid by a volumetric diaphragm pump (Hydra-cell,
Wanner, USA). The peripheral pressure (Pc) was adjusted by a
valve on outlet tubing and monitored at the top of the cylindrical
housing by a pressure sensor (DP 15–40, Validyne, USA), and the
data was collected automatically by a computer. Permeate was collected in a beaker placed on an electronic scale (B3100 P, Sartorius,
Germany) connected to a computer in order to measure the permeate ﬂux.
2.3.2. Clariﬁcation procedure
For each experiment, a new membrane was used. The membranes (100 kDa, 0.15, 0.2 and 0.45 lm) were soaked in ethanol
solution (50%) for 30 min, then washed with deionized water and
soaked in deionized water for at least 24 h prior to use. Membranes
were pre-pressured with deionized water for 60 min under a pressure of 200 kPa at 25 °C and then the pure water ﬂux of membranes was measured at TMP of 50, 100, 150 and 200 kPa.
Experiments were carried out in both full recycling mode and
concentration mode. For full recycling tests, 4 L of feed juice was
used. Before the experiments started, feed juice was heated to
50 °C, and the membrane was re-stabilized, at a feed ﬂow rate of
120 L h1, TMP of 75 kPa, at rotating speed of 2000 rpm during
20 min. After stabilization, the rotating speed was decreased from
2000 to 1500, 1000 and then 500 rpm. Under each rotating speed,
TMP was increased gradually from 75 to 150 kPa and then decreased directly back to 75 kPa to study the ﬂux decline. Samples
were collected at 75 and 150 kPa for each rotating speed. After ﬁltration, the RDM system was cleaned with water for 30 min and
then with a P3-ultrasil 10 (Ecolab, USA) detergent at two concentrations (0.1% and 0.5%, thus, pH = 10 and 11, respectively). After
cleaning, pure water ﬂux was measured again at rotating speed
of 500 rpm.
In concentration tests, 12 L feed juice were concentrated to a
retentate of 1.2 L. Feed juice was heated to 50 °C, before the experiments started. Then the membrane was re-stabilized with full recycle mode, at a rotating speed of 2000 rpm and a TMP of 100 kPa
for 20 min. After stabilization, a concentration test was carried out
under same operating conditions. Samples were taken from every
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Table 2
Properties of used membranes.
Membrane

Manufacturer

Surface material

Pore size

Max. temperature (°C)

pH range

US100P
FSM0.15PP
MV020T
FSM0.45PP

Microdyn-Nadir
Alfa Laval Nakskov
Microdyn-Nadir
Alfa Laval Nakskov

PSH
PVDF
PVDF
PVDF

100 kDa
0.15 lm
0.2 lm
0.45 lm

95
60
95
60

1–14
1–11
2–11
1–11

PVDF: Polyvinylideneﬂuoride PSH: Permanently hydrophilic polysulphone.

Fig. 1. Schematic diagram of the RDM (a) and experiment set-up (b).

0.5 L (0.3 L when retentate less than 1.5 L) of collected permeate
for analysis.
2.4. Analytical methods
Turbidities of retentate and permeate were measured with a Ratio Turbidimeter (Hach, USA). Soluble matter contents (°Brix) were
measured by means of a digital refractometer PR-32a (ATAGO Co.,
Ltd., Japan). Carbohydrate contents of samples were measured by
the phenol sulphuric acid method (Dubois et al., 1956; Wei et al.,
2007) using inulin (Arcro Organics) as standard.
2.5. Calculated parameters
The permeate ﬂux (J) was calculated by:

J¼

1 dV p
A dt

ð1Þ

where A is the effective membrane area (m2), Vp is the total volume
of permeate (m3), and t is the ﬁltration time (s).
The mean TMP is obtained by integrating the local pressure over
the membrane area as follows (Luo et al., 2010):

1 2
TMP ¼ pc  qk x2 R2
4

ð2Þ

where pc is the measured peripheral pressure (Pa), q is the density
of the ﬂuid (kg m3), k is the velocity factor (0.89 for this system), x
is the disk angular velocity (rad s1) and R is the housing inner
diameter (m).
The solute transmission is deﬁned as:
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A
KP tm
tþ1
V ¼ ln
K
l Rm

ð7Þ

ð3Þ

where Cp is the solute concentration in permeate (%), and CR,av is the
average concentration in retentate during the ﬁltration period (%).
The ﬂux decline can be expressed as a percentage of feed permeate ﬂux decrease after TMP stepping operations (75 ? 100 ?
125 ? 150 ? 75 kPa):

FD ¼

J ai  J af
 100
J ai

ð4Þ

where Jai and Jaf are stabilized feed permeate ﬂuxes (L m2 h1)at
the beginning and end of operations (75 kPa), respectively.
The Volume Reduction Ratio (VRR) is deﬁned as:

VRR ¼

Vf
Vc

ð5Þ

where Vf is initial feed volume (m3) and Vc concentrate volume
(m3).
3. Results and discussion
3.1. Dead end ﬁltration
The variation of ﬁltrate volume with ﬁltration time for various
membranes is presented in Fig. 2. Permeate ﬂuxes at the beginning
period (45 s) and after 2400 s of ﬁltration are also shown. As expected, the initial permeate ﬂux increased with membrane pore
size, but at the end of ﬁltration, permeate ﬂuxes for different membranes were fairly close. This can be explained by the different separation mechanisms and fouling situations at different ﬁltration
stages. During the initial ﬁltration stage, since the membrane is relatively clean, the permeate ﬂux is governed by membrane permeability (e.g. pore size and hydrophilicity) under same operating
conditions. While, at the end of ﬁltration, the foulants, i.e. pectin,
proteins and suspended solids, deposit tightly on the membrane,
resulting in a thick and compact cake layer, and the permeate ﬂux
is mainly controlled by cake fouling layer. In order to study the
fouling behavior during ﬁltration, Eq. (7), which can be deduced
from Eq. (6) (Wan et al., 2012), was used to model the ﬁltration
behavior.

t¼

lRm
Ptm K

ðexpðkV=A  1ÞÞ

ð6Þ

where Rm is the membrane resistance (m1), K is the exponential
fouling coefﬁcient (m1), it is an empirical constant deﬁned by De
La Garza and Boulton (1984), presenting the rate of ﬁltration resistance increase, A is the ﬁltration area (m2), Ptm is the mean transmembrane pressure (Pa) and l is the viscosity (Pas) of feed. This
model, proposed by De La Garza and Boulton (1984), was successfully used for ﬁltration of soluble rice bran ﬁbers, apple juice and
stevia extract (Gokmen and Cetinkaya, 2007; Reis et al., 2009;
Wan et al., 2012).
By ﬁtting modeling results (dashed lines in Fig. 2) and experimental data (closed points in Fig. 2), fouling coefﬁcient, K, can be
calculated and is presented in Table 3. The values of correlation
coefﬁcients (>0.99) show good agreement of the model with experimental results. As seen in Table 3, the fouling coefﬁcients for four
different membranes are comparable, indicating that permeate
ﬂux was mainly controlled by the compact fouling layer. However,
the fouling coefﬁcient slightly decreases with increase of membrane pore size, implying that more foulants are retained by the
membrane with smaller pore size and deposit on the membrane
surface.
The permeate turbidity, transmissions of carbohydrate and soluble matter are listed in Table 4, in order to evaluate the clariﬁcation performance of used membranes and carbohydrate and
soluble matter losses during the ﬁltration. Permeate turbidity
shows that effective clariﬁcation can be achieved by ﬁltration,
especially when using the 100 kDa membrane. The value of turbidity can be decreased to 3.2 NTU compared with a feed turbidity
superior to 300 NTU after 10 times dilution. However, with increase of pore size, the transmissions of carbohydrate and soluble
matter were higher and the inulin loss after clariﬁcation by membrane is much less. From a practical point of view, membranes
with high permeate ﬂux, low permeate turbidity and high carbohydrate transmission are preferable. Because the membrane performance is mainly governed by fouling layer in dead end ﬁltration
with low stirring speed, the membrane selection should be further
veriﬁed in RDM ﬁltration.
3.2. RDM ﬁltration with full recycling
Fig. 3 shows effects of rotating speed and TMP on permeate ﬂux
and turbidity for RDM ﬁltration. Compared with dead end ﬁltration
(Fig. 2), permeate ﬂuxes during RDM ﬁltration are obviously higher. It can be noted that a higher rotating speed can result in bigger
permeate ﬂux. Higher rotating speed permits to generate higher
shearing force on membrane surface, which can help to remove
or reduce the membrane surface fouling, and therefore, a higher
permeate ﬂux can be obtained. For a membrane of ﬁxed pore size,
signiﬁcant increase of ﬂux with TMP can be observed at high rotating speed (1500 or 2000 rpm). However, this trend disappears
when the rotating speed decreases to 500 and 1000 rpm. Higher
TMP can offer more driving force and result in higher permeate
ﬂux. But a fouling layer of higher thickness or density on membrane surface can be formed at higher TMP, thus there exists a
compromise between positive and negative effects of TMP increase

Table 3
Modeling results of dead end ﬁltration with different membranes.

Fig. 2. Permeate volume versus ﬁltration time. Closed points are experimental
results, dashed lines are modeling results.
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Pore size

Fouling coefﬁcient (m1)

Correlation coefﬁcient (r2)

100 kDa
0.15 lm
0.2 lm
0.45 lm

62.17
58.45
55.65
53.58

0.992
0.994
0.992
0.995
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Table 4
Permeate turbidity, carbohydrate and soluble matter transmissions for dead end
ﬁltration with different membranes.

Carbohydrate transmission (%)
Soluble matter transmission (%)
Permeate turbidity (NTU)

100 kDa

0.15 lm

0.2 lm

0.45 lm

85.0
91.6
3.2

88.4
92.7
9.6

99.9
93.7
12.5

96.2
94.1
12.6

on permeate ﬂux. At high rotating speeds, the fouling layer can be
effectively controlled and the positive effect of TMP increase is
dominant. While at low rotating speeds, further increase of TMP
will not increase ﬂux, which means that additional fouling cancels
the enhanced driving force. This maximum stationary permeate
ﬂux is called ‘‘limiting ﬂux’’ (Luo et al., 2012b), which should be
avoided in practical operations.
Permeate turbidity is signiﬁcantly decreased by membrane ﬁltration, as shown in Fig. 3, compared with turbidity of the feed.
For US100P, FSM0.15PP and FSM0.45PP membranes, permeate turbidity was near 1.0 NTU and irrespective of TMP (except for
FSM0.45PP at 2000 rpm). However, for the MV020T membrane,
permeate turbidity was higher than others and increased with
TMP, especially at 2000 rpm, which was probably caused by the
wide pore size distribution of this membrane. As seen in Fig. 3c,
permeate turbidity decreased at lower rotating speeds due to fouling layer formation.

The results of carbohydrate transmission for different membranes are presented in Table 5, showing that carbohydrate transmission goes up with increase of membrane pore size. At a ﬁxed
rotating speed, carbohydrate transmission is higher for lower
TMP. For example, when TMP increased from 75 to 150 kPa, the
carbohydrate transmission of FSM0.45 pp membrane decreased
by 10% at 2000 rpm, 11% at 1500 rpm, 12% at 1000 rpm and 16%
at 500 rpm. This tendency can be explained by two transport
mechanisms-convection and diffusion. The ﬁrst was controlled
by permeate ﬂux due to the ‘‘dilution effect’’, where more solvent
(i.e. water) that passed through the membrane at higher TMP could
dilute permeate, resulting in a lower solute concentration; the second was governed by solutes diffusion across fouling layer and
membrane, and the denser fouling layer formed on the membrane
at higher TMP could serves as an additional selective membrane,
causing a higher solute retention. Both factors would increase carbohydrate loss in ﬁltration retentate. At 2000 rpm, the ﬁrst factor is
dominant (as ﬂux increased by 30% from 75 to 150 kPa) and the
second is negligible at such high shear rate, while at 500 rpm,
the ﬁrst factor had no effect on carbohydrate transmission because
the permeate ﬂux did not increase at higher TMP (see Fig. 3).
According to the permeate ﬂux and turbidity (Fig. 3) and carbohydrate transmission (Table 5), a 0.45 lm membrane and rotating
speed of 2000 rpm were selected for concentration experiments
with low applied pressure. In order to compare with dead end ﬁltration, the same TMP (100 kPa) was chosen for the concentration
test.

Fig. 3. Flux and permeate turbidity at different TMP (75, 100, 125, and 150 kPa) for membranes (a) US100P, (b) FSM0.15PP, (c) MV020T and (d) FSM0.45PP.
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Rotating speed (rpm)

TMP (kPa)

100 kDa

0.15 lm

0.2 lm

0.45 lm

2000

75
150

78.5
76.7

78.5
65.7

97.0
90.1

97.8
87.9

1500

75
150

92.5
85.9

74.4
70.3

84.0
83.2

94.0
83.5

1000

75
150

82.1
78.9

86.2
83.8

90.8
90.1

89.6
79.0

membrane but also the deposited layer can affect the ﬂux (Rai
et al., 2010). In this case, when at a high rotating speed, due to
the strong shear-induced back transport of foulants, the fouling
layer is negligible or very thin and loose, and thus the permeate
ﬂux is controlled by the membrane, while at a low rotating speed,
the foulants deposit easily on the membrane, resulting in a thick
and compact cake layer, and thus the permeate ﬂux is mainly controlled by cake fouling layer. Therefore, a high-shear membrane ﬁltration with RDM has obvious advantages in clariﬁcation of chicory
juice, not only for increasing permeate ﬂux, but also for minimizing
membrane fouling and improving inulin transmission.

500

75
150

82.3
76.3

83.2
73.2

87.6
75.1

92.1
77.4

3.4. Fouling and cleaning of membranes

Table 5
Carbohydrate transmission at various ﬁltration conditions (rotating speed, TMP and
membrane pore size).
Carbohydrate transmission (%)

In order to study the membrane fouling during RDM, ﬂux decline, as shown in Fig. 5, was calculated according to Eq. (4) when
TMP increased gradually from 75 to 150 kPa and then returned directly to 75 kPa. The ﬂux declines for different membranes are very
similar at same rotating speeds, implying that surface fouling on
the membrane (mainly controlled by shear rate) is dominant and
pore fouling (mainly governed by pore size) is not very important.
For a given membrane, the ﬂux decline decreases with increase of
rotating speed. At 2000 rpm, the ﬂux decline was 15%, but reached
nearly 40% at 500 rpm. These results conﬁrm that it is necessary to
use a high rotating speed of 2000 rpm for concentration
experiments.

Fig. 4. Flux versus rotating speed for membranes with various pore sizes, TMP was
ﬁxed at 100 kPa.

Fig. 6. Flux recovery by water cleaning and chemical cleaning at different cleaning
agent concentration.

Fig. 5. Flux decline (at TMP = 75 kPa) during ﬁltration with membranes with
different pore size at 100 kDa, 0.15, 0.2 and 0.45 lm.

3.3. Comparison of dead end and RDM ﬁltrations
Permeate ﬂuxes for dead end (350 rpm) and RDM ﬁltrations
(500–2000 rpm) are shown in Fig. 4, indicating that permeate ﬂux
is governed by membrane characteristics (e.g. pore size) at high
rotating speeds, but at rotating speeds of 500 and 350 rpm, ﬂuxes
seem identical for these four membranes with different pore size. It
has been conﬁrmed by previous researchers that not only the
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Fig. 7. Filtration ﬂux and permeate characteristics (turbidity and soluble matter
content (CSM)) versus VRR during concentration process.
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Table 6
Characteristics (carbohydrate content, turbidity and soluble matter content) of feed and permeate.
Sample

Feed

Permeate (VRR = 2)

Retentate (VRR = 2)

Permeate (VRR = 10)

Retentate (VRR = 10)

Carbohydrate (%)
Soluble matter (%)
Turbidity (NTU)

10.85
10.2
>300

9.88
9.5
3.4

13.91
11.3
>300

10.79
10
3.9

15.68
16
>300

Cleaning by water and P3-ultrasil 10 (Ecolab, USA) detergent at
different concentration was carried out to study the regeneration
ability. As presented in Fig. 6, ﬂux recovery, deﬁned as the ratio
of water ﬂux before clariﬁcation and after cleaning, was used to
evaluate the efﬁciency of these three cleaning methods. After
water cleaning, 60% water ﬂux can be regained. But after chemical
cleaning of 30 min at a concentration of 0.5%, ﬂux recovery can
reach 90%. This high regeneration of membrane permeability
shows a potential application in industrial juice clariﬁcation.
3.5. Concentration tests
Based on previous experiments in full recycling mode, a high
rotational speed (2000 rpm) and membrane with the largest pore
size (0.45 lm) were selected for concentration tests. As shown in
Fig. 7, the ﬂux remained nearly stable when VRR varied from 1
to 3, and then decreased linearly with VRR in semi-log coordinates
when VRR increased from 5 to 10, which corresponded to the mass
transfer limited regime (Luo et al., 2010). It should be noted that
the ﬂux in concentration mode was lower than that for full recycling experiments in spite of using the same membrane, TMP and
rotating speed. One possible explanation might be the different
stabilization method at the beginning of these experiments. Compared with a TMP of 75 kPa, which was the stabilization TMP in full
recycling mode, a denser fouling layer may be formed when
100 kPa was used for stabilization in concentration mode.
Fig. 7 also shows the variation of soluble matter content and
permeate turbidity at various VRR. The increase of soluble matter
with VRR reﬂects the soluble matter augmentation in feed when
VRR increased. The turbidity decreased initially and then increases
at the end stage, and the same tendency was also found in concentration of dairy efﬂuent by US100P membrane (Luo et al., 2012c).
This can be explained by the ﬁrst stage fouling and the increase
of impurity content at the end stage.
Characteristics of feed, permeate and retentate at VRR = 2 and
10, are presented in Table 6. Compared with dead end ﬁltration,
at the same VRR (=2), permeate from RDM ﬁltration has both a
high carbohydrate content (9.88%) and low turbidity (3.4 vs.
12.6 NTU for dead end ﬁltration). RDM permitted to achieve a high
VRR of 10, with high permeate ﬂux. And 10.8 L permeate with turbidity of 3.9 was obtained. Large differences in appearance and color for feed, permeate and retentate were observed in experiment.
3.6. Energy consideration
The power consumed by RDM ﬁltration system is that of rotating disk motor and feed pump. Since dynamic ﬁltration systems
can operate at feed ﬂow rates slightly larger than the permeate
ﬂow rate, by about 3–5% in MF and UF to 10–13% in NF and RO,
they do not require large and powerful pumps as in cross ﬂowﬁltration. Thus, the major part of energy is consumed by rotating motor. Jaffrin (2008) reported that the power necessary to rotate disks
is proportional to x14/5, while the permeate ﬂux increases with a
lower power of x, between 1 and 1.5. Therefore, the speciﬁc energy consumed per m3 of permeate generally increases with
increasing rotation speed, but since ﬂuxes can be very high, it
can be in some cases lower than in crossﬂow ﬁltration. Thus, the

choice with rotating disk modules, is between operating at high
speed and higher ﬂuxes than in cross-ﬂow ﬁltration, which permits
to reduce the membrane area, but with a higher speciﬁc energy, or
to operate at moderate rotation speeds, in order to obtain similar
permeate ﬂuxes as with cross-ﬂow ﬁltration, and decrease the speciﬁc energy consumed by up to 60%. Although speciﬁc energy consumption of our RDM equipment reported by Luo et al. (2010) was
high, reductions can be expected by rotating the disk between two
membranes of larger area. And RDM ﬁltration can also be used in
addition to crossﬂow ﬁltration when treating highly concentrated
ﬂuids with high foulant content.
4. Conclusions
The RDM was applied to clariﬁcation of chicory juice obtained
from pilot diffusion assisted by PEF pretreatment. Compared with
dead end ﬁltration, the RDM showed the advantage of higher permeate ﬂux and lower permeate turbidity, resulting from high
membrane shear rate due high rotating speed, which also reduced
membrane fouling and led to higher carbohydrate transmission. At
rotating speeds of 1500–2000 rpm, the permeate ﬂux increased
with pore size, while at low rotating speeds of 350–500 rpm, it
was low and independent of membrane type, as it was limited
by cake fouling. Higher TMP caused lower carbohydrate transmission due to ‘‘dilution effect’’ by higher ﬂux at high rotating speed or
‘‘retarding effect’’ by a thicker fouling layer at low rotating speed.
For FSM0.45PP membrane, the highest carbohydrate transmission
(98%) was obtained at 2000 rpm and TMP = 75 kPa while permeate
turbidity was 2.4 NTU. Feed juice can be concentrated to VRR = 10,
still with a high ﬂux (106 Lm2 h1), and the resulting permeate
was both high in carbohydrate (10.8%) and well clariﬁed
(3.9 NTU). The pure water ﬂux of used membrane can be effectively recovered to over 90% by cleaning with a 0.5% P3-ultrasil
10 detergent solution. Therefore, its high throughput, moderate
ﬂux decline and perfect product quality make membrane clariﬁcation by RDM suitable to treat raw chicory extract in industry and
these results from laboratory-scale tests could serve as valuable
guide for extrapolating the process to industrial production.
Acknowledgements
The authors would like to acknowledge COSUCRA, Belgium for
the kind supply of chicory roots and also would like to acknowledge the ﬁnancial support of China Scholarship Council for Jianquan Luo’s and Zhenzhou Zhu’s thesis fellowship. The authors
thank Alfa Laval Nakskov A/S Company for supplying the
membranes.
References
Cassano, A., Donato, L., Drioli, E., 2007. Ultraﬁltration of kiwifruit juice: operating
parameters, juice quality and membrane fouling. Journal of Food Engineering 79
(2), 613–621.
Cyr, D.R., Bewley, J.D., 1990. Proteins in the roots of the perennial weeds chicory
(Cichorium intybus L.) and dandelion (Taraxacum ofﬁcinale Weber) are associated
with overwintering. Planta 182 (3), 370–374.
De Bruijn, J.P.F., Venegas, A., Martı́nez, J.A., Bórquez, R., 2003. Ultraﬁltration
performance of carbosep membranes for the clariﬁcation of apple juice. LWT –
Food Science and Technology 36 (4), 397–406.

112

Chapter IV Filtration of Chicory Juice Article IV

Z. Zhu et al. / Journal of Food Engineering 115 (2013) 264–271
De La Garza, F., Boulton, R., 1984. The modeling of wine ﬁltrations. American Journal
of Enology and Viticulture 35, 189–195.
De Leenheer, L., Hoebregs, H., 1994. Progress in the elucidation of the composition
of chicory inulin. Starch (Starke) 46 (5), 193–196.
Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric
method for determination of sugars. Analytical Chemistry 28 (3), 350–356.
Fillaudeau, L., Boissier, B., Moreau, A., Blanpain-avet, P., Ermolaev, S., Jitariouk, N.,
Gourdon, A., 2007. Investigation of rotating and vibrating ﬁltration for
clariﬁcation of rough beer. Journal of Food Engineering 80 (1), 206–217.
Franck, A., De Leenheer, L., 2005. Inulin. Biopolymers Online, Wiley-VCH Verlag
GmbH & Co. KGaA.
Gokmen, V., Cetinkaya, O., 2007. Effect of pretreatment with gelatin and bentonite
on permeate ﬂux and fouling layer resistance during apple juice ultraﬁltration.
Journal of Food Engineering 80 (1), 300–305.
Jaffrin, M.Y., 2008. Dynamic shear-enhanced membrane ﬁltration: a review of
rotating disks, rotating membranes and vibrating systems. Journal of
Membrane Science 324, 7–25.
Kim, Y., Faqih, M.N., Wang, S.S., 2001. Factors affecting gel formation of inulin.
Carbohydrate Polymers 46 (2), 135–145.
Liu, L.F., Yu, S.C., Wu, L.G., Gao, C.H., 2006. Study on a novel polyamide-urea reverse
osmosis composite membrane (ICIC-MPD) II. Analysis of membrane antifouling
performance. Journal of Membrane Science 283 (1–2), 133–146.
Loginova, K.V., Shynkaryk, M.V., Lebovka, N.I., Vorobiev, E., 2010. Acceleration of
soluble matter extraction from chicory with pulsed electric ﬁelds. Journal of
Food Engineering 96 (3), 374–379.
Lou, Z., Wang, H., Wang, D., Zhang, Y., 2009. Preparation of inulin and phenols-rich
dietary ﬁbre powder from burdock root. Carbohydrate Polymers 78 (4), 666–
671.
Luo, J., Ding, L., Wan, Y., Paullier, P., Jaffrin, M.Y., 2010. Application of NF-RDM
(nanoﬁltration rotating disk membrane) module under extreme hydraulic
conditions for the treatment of dairy wastewater. Chemical Engineering Journal
163 (3), 307–316.
Luo, J., Ding, L., Wan, Y., Paullier, P., Jaffrin, M.Y., 2012a. Fouling behavior of dairy
wastewater treatment by nanoﬁltration under shear-enhanced extreme
hydraulic conditions. Separation and Puriﬁcation Technology 88, 79–86.
Luo, J., Ding, L., Wan, Y., Jaffrin, M.Y., 2012b. Threshold ﬂux for shear-enhanced
nanoﬁltration: experimental observation in dairy wastewater treatment.
Journal of Membrane Science 409–410, 276–284.
Luo, J., Cao, W., Ding, L., Zhu, Z., Wan, Y., Jaffrin, M.Y., 2012c. Treatment of dairy
efﬂuent by shear-enhanced membrane ﬁltration: the role of foulants.
Separation and Puriﬁcation Technology 96, 194–203.
Mellal, M., Jaffrin, M.Y., Ding, L.H., Delattre, C., Michaud, P., Courtois, J., 2008.
Separation of oligoglucuronans of low degrees of polymerization by using a

113

271

high shear rotating disk ﬁltration module. Separation and Puriﬁcation
Technology 60 (1), 22–29.
Mendes, M.F., Cataldo, L.F., Da Silva, C.A., Nogueira, R.I., Freitas, S.P., 2005. Extraction
of the inuline from chicory roots (Chicorium intybus L.) using supercritical
carbon dioxide. In: Second Mercosur Congress on Chemical Engineering.
Mirsaeedghazi, H., Emam-Djomeh, Z., Mousavi, S.M., Aroujalian, A., Navidbakhsh,
M., 2010. Clariﬁcation of pomegranate juice by microﬁltration with PVDF
membranes. Desalination 264 (3), 243–248.
Rai, C., Rai, P., Majumdar, G., De, S., DasGupta, S., 2010. Mechanism of permeate ﬂux
decline during microﬁltration of watermelon (Citrullus lanatus) juice. Food and
Bioprocess Technology 3 (4), 545–553.
Reis, M.H.M., Da Silva, F.V., Andrade, C.M.G., Rezende, S.L., Maciel, M.R.W.,
Bergamasco, R., 2009. Clariﬁcation and puriﬁcation of aqueous stevia extract
using membrane separation process. Journal of Food Process Engineering 32 (3),
338–354.
Robert, C., Emaga, T.H., Wathelet, B., Paquot, M., 2008. Effect of variety and harvest
date on pectin extracted from chicory roots (Cichorium intybus L.). Food
Chemistry 108 (3), 1008–1018.
Toneli, J.T.C.L., Park, K.J., Ramalho, J.R.P., Murr, F.E.X., Fabbro, I.M.D., 2008.
Rheological characterization of chicory root (Cichorium intybus L.) inulin
solution. Brazilian Journal of Chemical Engineering 25 (3), 461–471.
Vanloo, J., Coussement, P., De Leenheer, L., Hoebregs, H., Smits, G., 1995. On the
presence of inulin and oligofructose as natural ingredients in the western diet.
Critical Reviews in Food Science and Nutrition 35 (6), 525–552.
Vendrell-Pascuas, S., Castellote-Bargallo, A.I., Lopez-Sabater, M.C., 2000.
Determination of inulin in meat products by high-performance liquid
chromatography with refractive index detection. Journal of Chromatography
A 881 (1–2), 591–597.
Wan, Y.T., Prudente, A., Sathivel, S., 2012. Puriﬁcation of soluble rice bran ﬁber using
ultraﬁltration technology. Lwt – Food Science and Technology 46 (2), 574–579.
Wei, L.Y., Wang, J.H., Zheng, X.D., Teng, D., Yang, Y.L., Cai, C.G., Feng, T.H., Zhang, F.,
2007. Studies on the extracting technical conditions of inulin from Jerusalem
artichoke tubers. Journal of Food Engineering 79 (3), 1087–1093.
Youn, K.S., Hong, J.H., Bae, D.H., Kim, S.J., Kim, S.D., 2004. Effective clarifying process
of reconstituted apple juice using membrane ﬁltration with ﬁlter-aid
pretreatment. Journal of Membrane Science 228 (2), 179–186.
Zhao, W., Su, Y.L., Li, C., Shi, Q., Ning, X., Jiang, Z.Y., 2008. Fabrication of antifouling
polyethersulfone ultraﬁltration membranes using Pluronic F127 as both surface
modiﬁer and pore-forming agent. Journal of Membrane Science 318 (1–2), 405–
412.
Zhu, Z., Bals, O., Grimi, N., Vorobiev, E., 2012. Pilot scale inulin extraction from
chicory roots assisted by pulsed electric ﬁelds. International Journal of Food
Science & Technology 47 (7), 1361–1368.

Chapter IV Filtration ofChicory Juice

Article V

IV.4 Article V: Study of rotating disk assisted dead-end filtration of chicory juice and its
performance optimization
Abstract
Inulin was extracted by pulsed electric fields (PEFs) assisted diffusion. Rotating disk
module (RDM) assisted dead-end filtration of chicory juice was studied. Filtration behavior,
flux decline and fouling coefficient of RDM assisted filtration were investigated and
compared with the performance of previously used normal stirred filtration unit. Response
surface methodology (RSM), based on a three levels and two variable central composite
rotatable design (CCRD), was employed to obtain the best possible combination of
trans-membrane pressure (TMP) (X1: 2–6 bar), shear rate (X2: 12,000–102,000 s −1)for
maximum average flux and minimum specific energy consumption. The experimental data
obtained were fitted to a second-order polynomial equation using multiple regression and
were also analyzed by variance analysis (ANOVA). The 3-D response surface and contour
plots derived from the mathematical models were applied to determine the optimal conditions.
The optimum filtration conditions were: a TMP of 3.34 bars, and a shear rate of 102,000 s 1.
−

Under these conditions, the experimental average flux and specific energy were 154 L/m2h
and 169 kWh/m3, respectively, which were in close agreement with the values predicted by
the model. Results of this work may contribute to increase chicory juice filtration for inulin
purification.
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a b s t r a c t
Inulin was extracted by pulsed electric ﬁelds (PEFs) assisted diffusion. Rotating disk module (RDM)
assisted dead-end ﬁltration of chicory juice was studied. Filtration behavior, ﬂux decline and fouling
coefﬁcient of RDM assisted ﬁltration were investigated and compared with the performance of previously used normal stirred ﬁltration unit. Response surface methodology (RSM), based on a three levels
and two variable central composite rotatable design (CCRD), was employed to obtain the best possible combination of trans-membrane pressure (TMP) (X1 : 2–6 bar), shear rate (X2 : 12,000–102,000 s−1 )
for maximum average ﬂux and minimum speciﬁc energy consumption. The experimental data obtained
were ﬁtted to a second-order polynomial equation using multiple regression and were also analyzed by
variance analysis (ANOVA). The 3-D response surface and contour plots derived from the mathematical
models were applied to determine the optimal conditions. The optimum ﬁltration conditions were: a
TMP of 3.34 bars, and a shear rate of 102,000 s−1 . Under these conditions, the experimental average ﬂux
and speciﬁc energy were 154 L/m2 h and 169 kwh/m3 , respectively, which were in close agreement with
the values predicted by the model. Results of this work may contribute to increase chicory juice ﬁltration
for inulin puriﬁcation.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Inulin is a kind of fructan composed of fructose units and sometimes a terminal glucose unit (Glibowski, 2010). Inulin exists in a
wide variety of plants such as leek, onion, garlic, wheat, chicory,
artichoke and banana. Inulin is widely applied in bioprocesses and
food production as an important material. It can be used for ethanol
fermentation and production of protein, oil and fructose syrup (Chi
et al., 2011). In food industry, inulin is used as a ﬁber ingredient
to improve taste and texture, as fat substitute in dairy industry to
produce low-fat dairy products, and as sugar analysis in chocolate
to reduce sugar content.
Inulin is industrially extracted from chicory roots (Baert, 1997;
Baert and Bockstaele, 1992). Sliced chicory roots are transported
into a counter-current diffuser for a long time extraction (∼2 h)
which requires high temperature water (70–80 ◦ C) as extract solvent (Zhu et al., 2012). In order to purify the obtained juice

∗ Corresponding author at: EA 4297 TIMR, University of Technology of Compiegne,
60205 Compiegne Cedex, France. Tel.: +33 3 44 23 46 34; fax: +33 3 44 23 46 34.
E-mail address: luhui.ding@utc.fr (L. Ding).

which contains inulin and some other impurities (mainly due to
high extraction temperature), complex operations are required.
One possible puriﬁcation process mainly consists of two steps. In
the ﬁrst step, there are pre-liming, liming, ﬁrst carbonation, ﬁrst
ﬁltration, second carbonation and second ﬁltration (Franck and
De Leenheer, 2005). Then, juice demineralization, decolorization,
evaporation and spray drying are used for further puriﬁcation and
commercial inulin production. Although the conventional puriﬁcation technology can effectively remove insoluble and some soluble
substances, it is labor intensive, time consuming and environmentally unfriendly.
Previous study showed that the application of pulsed electrical
ﬁeld (PEF) led to more selective non-thermal or moderate thermal
extraction of active components from various plants. Then one can
obtain extracted juice with higher quality (Loginova et al., 2011;
Zhu et al., 2012). Moreover, the PEF treatment permits to decrease
lime consumption and facilitate the puriﬁcation process.
Membrane ﬁltration has been proposed as an alternative to
greatly simplify the puriﬁcation process and decrease energy consumption which is currently huge in food processing industry
due to high temperature operation (Fillaudeau et al., 2007; Luo
et al., 2012a). Previous studies about juice puriﬁcation have been

0926-6690/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.indcrop.2013.12.030
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carried out by applying microﬁltration and ultraﬁltration, and have
evidenced its advantages such as high productivity, low operation
cost and high product quality (Cassano et al., 2007; Mirsaeedghazi
et al., 2010).
Zhu et al. (2013a,b) have investigated puriﬁcation of chicory
juice by dead-end ultraﬁltration, reported results demonstrated
that by using an ultraﬁltration membrane with molecular weight
cut-off (MWCO) of 50 kDa, chicory juice could be effectively puriﬁed. However, like other pressure-driven ﬁltration processes,
ultraﬁltration of chicory juice is subject to permeate ﬂux decline
with time. This phenomenon is the main obstacle that limits the
development of ﬁltration application in industrial ﬁeld. Membrane fouling in juice ﬁltration is caused by the accumulation of
macromolecular or colloidal species (such as pectin, proteins and
colorants) on the membrane surface as well as in the membrane
pores.
In order to take advantage of ﬁltration process and promote its
application in industrial scale, various efforts have been carried out
to control or eliminate membrane fouling, including feed juice pretreatment (Gokmen and Cetinkaya, 2007), anti-fouling membrane
usage (Zhao et al., 2008), operating method modiﬁcation (crossﬂow ﬁltration and shear-enhanced process) (Fillaudeau et al.,
2007). Among these approaches, rotating disk module (RDM) is
considered technically sound and economically attractive. Thanks
to the high shear rate (1–3 × 105 s−1 ) generated by disk rotation
near the membrane surface, the main causes of membrane fouling
such as concentration polarization, cake formation and membrane
pore fouling (Rai et al., 2010; Luo et al., 2012b) could be effectively
controlled or even eliminated. Until now, RDM technology is successfully used for wastewater treatment (Luo et al., 2012c), landﬁll
leachate treatment (Kwon et al., 2008), juice clariﬁcation (Saura
et al., 2012; Zhu et al., 2013a,b) and bio-separation (Mellal et al.,
2008). During RDM ﬁltration process, TMP and shear rate are two
key operating parameters, since TMP plays the role as driven force
for both ﬂux augmentation and membrane fouling, and a high shear
rate could eliminate membrane fouling at the cost of energy consumption. Therefore, it will be interesting to optimize the ﬁltration
performance and minimize its energy consumption by investigating the interactions of these two operation parameters and their
effect on ﬁltration behavior.
Although traditional orthogonal method is widely used in optimization of ﬁltration operating parameters, it cannot get a function
expression between the factors and response values and hence
is difﬁcult to ﬁnd out the optimal factor combination. Response
surface methodology (RSM) is a collection of statistical and mathematical technique that is useful for developing, improving and
optimizing process (Myers and Montgomery, 2002; Li et al., 2009).
RSM is widely used for biotechnology and other related ﬁelds, especially for processes where interactions exist between processing
factors. For example, Tir and Moulai-Mostefa (2008) optimized oil
removal from oily wastewater by investigating electrocoagulation
conditions (current density, pH of the solution and electrocoagulation time) using response surface method. Cai et al. (2012) used
RSM to investigate the best conditions for fouling reduction during
ultrasound-assisted ultraﬁltration for Radix astragalus mixtures.
Liu et al. (2013) used RSM to investigate optimization of ultrasonic extraction of phenolic compounds from Euryale ferox seed
shells.
Although dead-end ﬁltration of chicory juice at laboratory scale
(with a 180 mL reservoir) was previously reported, the present
work aims to study chicory juice ultraﬁltration at a near pilot scale
(with 1 l reservoir) and to improve the ﬁltration performance with
assistance of RDM. In the present study, RSM was used to determine
the optimum processing conditions (trans-membrane pressure and
shear rate) for maximum average ﬂux and minimum speciﬁc energy
consumption.
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2. Materials and methods
2.1. Chicory juice extraction
Chicory juice was extracted from chicory roots, provided by
COSUCRA, Belgium. Fresh chicory roots were sliced and then pretreated by pulsed electric ﬁeld (PEF) for 50 ms by a pilot PEF
generator (Hazemeyer, France). Pretreated chicory slices were put
into a counter current pilot-scale extractor where the diffusion
temperature was varied between 30 ◦ C and 80 ◦ C, and the diffusion
duration was set at 90 min. Construction and principle of operation of the diffuser and details of the diffusion experiments were
reported in previous work (Zhu et al., 2012). The extracted juices
from different diffusion conditions were pre-ﬁltered by mesh of
0.25 mm pore size and mixed, then divided into portions of 1.5 L
and stored at the temperature of −20 ◦ C until further use. Extracted
juice was found to contain 8.5–12% soluble matter and 9–11%
inulin.
2.2. RDM assisted dead-end ﬁltration
The RDM, shown in Fig. 1, was used for chicory juice ﬁltration.
A ﬂat membrane, with an effective area of 176 cm2 (outer radius
R1 = 7.72 cm, inner radius R2 = 1.88 cm), was ﬁxed on the cover of
the cylindrical housing in front of the disk. The disk equipped with
6 mm-high vanes, which can generate very high shear rates on the
membrane. The shear rate could be adjusted by modifying rotating
speed of the disk.
The module was fed from a 1 L reservoir connected to compressed air (with a maximum pressure of 6 bars). Permeate was
collected in a beaker placed on an electronic scale (B3100 P, Sartorius, Germany) connected to a computer in order to measure the
permeate ﬂux. Experiment was began with 1 L feed juice and was
ﬁnished until 800 mL permeate was collected. For each experiment,
a new membrane of 50 kDa was used.
2.3. Calculated parameters
The permeate ﬂux (J) was calculated by:
J=

1 dVp
A dt

(1)

where A is the effective membrane area, Vp is the total volume of
permeate, and t is the ﬁltration time.
The ﬂux decline (FD) can be expressed as a percentage of feed
permeate ﬂux decrease:
FD =

Jai − Jaf
Jai

× 100

(2)

where Jai and Jaf are permeate ﬂuxes at the beginning and end of
ﬁltration, respectively.
The volume reduction ratio (VRR) is deﬁned as:
VRR =

Vf

(3)

Vc

where Vf is initial feed volume and Vc concentrate volume.
The mean membrane shear rate ( m s−1 ) for our RDM system
can be calculated by the following equation:
9/5

m =

0.0164R8/5 (kω)
4/5

(4)

where R is the outer membrane radius (m) and k is the velocity factor (0.89 for this RDM system), ω the disk angular velocity (rad s−1 )
and  is the ﬂuid kinematic viscosity (m2 s−1 ).
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Fig. 1. Scheme of RDM equipment (a) and scheme of dead-end ﬁltration experimental equipments photo (b).

Energy consumption per m3 of permeate (speciﬁc energy, Ec )
for the rotating disk is represented by:
Ec =

Pd
Qf

(5)

where Pd is the power of rotating disk motor (kW), and Qf is the
permeate ﬂow rate (m3 h−1 ).
Pd can be calculated by (Luo et al., 2010)
Pd = 0.141 exp(0.000756 ∗ N)

(6)

where N is the rotating speed of disk motor (rpm).
2.4. Experimental design
Response surface methodology (RSM) and in particular a central
composite rotatable design (CCRD) was used in order to investigate the effects of two independent variables (ﬁltration conditions),
trans-membrane pressure (TMP) (X1 ) and shear rate (X2 ), on average ﬂux (Fav ) and speciﬁc energy (Ec ) of the ﬁltration. Regression
analysis was performed on the data obtained from the experiments.
The experimental design and statistical analysis were performed
using a Design-Expert Version 7.0.0 software. Coded and actual
levels for process or independent variables are shown in Table 1.
The correspondence between the coded and actual values can
be obtained using the following formula:
xi =

Xi − Xi0
Xi

(7)

where xi is the coded value, Xi is the corresponding actual value,
Xi0 is the actual value in the center of the domain, and Xi is the
variation amplitude around the mean value.
Experimental data were ﬁtted to a quadratic model and regression coefﬁcients were obtained. The generalized quadratic model
used in the response (y) surface analysis was as follows:
y = b0 + b1 x1 + b2 x2 + b11 x12 + b22 x22 + b12 x1 x2

(8)

where x1 and x2 correspond to coded independent variables,
namely, TMP and shear rate, respectively. The bn values represent
corresponding regression coefﬁcients.
Three replicates at the center of the design were used for estimation of error in sum of squares. Experiments were randomized
in order to maximize the effects of unexplained variability in the
observed responses due to extraneous factors. The experimental
plan, along with the results, was presented in Table 2.
3. Results and discussion
3.1. Comparison of two ﬁltration modules
Fig. 2 represents the ﬂux decline when VRR reaches 3.33 during
RDM assisted ﬁltration and previously used normal stirred ﬁltration
(using a stirred ﬁltration cell Amicon 8200, Zhu et al., 2013b), at
the same ﬂuid, same trans-membrane pressure (4 bar) and rotating
speed (500 rpm). It is obvious that RDM assisted ﬁltration led to
less ﬂux decline compared to that of normal stirred ﬁltration, 63%
and 81% respectively. Although rotating speed was the same for
this two scaled experiments, the RDM may generate higher shear
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Table 1
Independent variable values of the process and their corresponding levels.
Independent variable

Symbol

TMP (bar)
Shear rate (s−1 )

Levels

Actual

Coded

−1

0

1

X1
X2

x1
x2

2
12,000 (500 rpm)

4
57,000 (1200 rpm)

6
102,000 (1670 rpm)

Table 2
RSM design and its experimental values.
Run

Independent variables

1
2
3
4
5
6
7
8
9
10
11

Response variables

TMP (bar) (A) X1 (x1 )

Shear rate (s−1 ) (B) X2 (x2 )

Average ﬂux (L/m2 h)

Speciﬁc energy (kwh/m3 )

6 (+1)
4 (0)
4 (0)
2 (−1)
2 (−1)
2 (−1)
4 (0)
6 (+1)
4 (0)
6 (+1)
4 (0)

57,000 (0)
12,000 (−1)
57,000 (0)
102,000 (+1)
57,000 (0)
12,000 (−1)
57,000 (0)
12,000 (−1)
102,000 (+1)
102,000 (+1)
57,000 (0)

85.4
27.3
80.3
165.8
89.9
27.6
131.9
16.4
183
113.2
94.8

233.5
430.5
248.2
171.5
221.7
425.6
151
716.2
155.4
251.1
210.4

Fig. 2. Comparison of ﬂux decline of Amicon unit and RDM.

Fig. 3. Filtrate volume versus ﬁltration time. Closed points are experimental data
and dashed lines are ﬁtted results applying Eq. (9).

rate at the membrane surface because of its disk equipped with
vanes, resulting in more effective fouling elimination. Moreover,
Reynolds number Re (Re = D2 N/, where D is stirrer diameter (m);
N rotating speed (round s−1 );  is the density of ﬂuid (kg m−3 ); 
is the viscosity of ﬂuid (Pa s)) (Rushton et al., 1950) of RDM which
is obviously higher than that of Amicon 8200 at the same rotating
speed because of its bigger stirrer diameter. Therefore higher shear
rate may be generated by RDM.
In order to compare the membrane fouling between these two
ﬁltration units, Eq. (9), which describes the permeate volume evolution, was used to model the ﬁltration behavior (Zhu et al., 2013a).

V=

A
ln
K

 KP

tm

Rm



t+1

(9)

where Rm is the membrane resistance (m−1 ), which remained constant during all this study since all used membrane had 50 kDa
pores; K is the exponential fouling coefﬁcient (m−1 ), which is an
empirical constant deﬁned by De La Garza and Boulton (1984),
presenting the rate of ﬁltration resistance increase, it depends on
many factors such as feed composition, operation conditions and
membrane properties; A is the ﬁltration area (m2 ), Ptm is the mean
trans-membrane pressure (Pa) and  is the viscosity (Pa s) of feed.
This model was successfully used for ﬁltration investigation
with a Amicon 8200 unit, and the fouling coefﬁcient K (50 kDa
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membrane, TMP from 1 to 4 bar) was found to be 40–70 m−1 by
ﬁtting experimental results (V versus t) with Eq. (9) (Zhu et al.,
2013a,b). With the same principle, the fouling coefﬁcient for RDM
assisted ﬁltration can be calculated and is presented in Table 3. Filtration kinetics at TMP = 2 bar is presented in Fig. 3 as an example to
show the satisfactory ﬁtting (with R2 ≈ 0.99). As seen in Table 3, the
fouling coefﬁcient at 2 bar decreases with rotating speed increase.
The same trend is also observed at 4 bar, except that a peak is
observed at 1200 rpm, while at 6 bar a minimum was observed at
1200 rpm. Since the combined effect of TMP and rotating speed on
membrane fouling is complicated, this phenomenon may be the
result of membrane compacting at high TMP and inulin hydraulic
conﬁguration at high rotating speed. Moreover, fouling coefﬁcient
of RDM assisted ﬁltration (with 50 kDa membrane) is signiﬁcantly
lower than that of ﬁltration with Amicon 8200, although RDM
assisted ﬁltration were performed at higher TMP (2–6 bar). This
Table 3
Fouling coefﬁcient of RDM assisted ﬁltration at various conditions.
Conditions
500 rpm
1200 rpm
1670 rpm

2 bar

4 bar

6 bar

1.86 m−1
1.10 m−1
0.01 m−1

2.10 m−1
2.15 m−1
0.29 m−1

5.85 m−1
1.00 m−1
1.20 m−1
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Fig. 4. Flux evolution during RDM assisted dead-end ﬁltration at different TMP and shear rate.

Table 4
Analysis of variance (ANOVA) for the RSM model of average ﬂux and speciﬁc energy.
Source
Average ﬂuxa
Model
Residual
Lack of ﬁt
Pure error
Speciﬁc energyb
Model
Residual
Lack of ﬁt
Pure error
a

2
R2 = 0.93; Radjusted
= 0.85.

b

2
R2 0.93; Radjusted
= 0.86.

Sum of squares

df

27796.52
2212.70
796.3
1416.41

5
5
3
2

268,000
20627.92
15826.24
4801.68

5
5
3
2

Mean square

F value

P-value Prob. > F

5559.30
442.54
254.32
708.2

12.56

0.0074

Signiﬁcant

0.37

0.7841

Not signiﬁcant

53604.60
4125.58
5275.41
2400.84

12.99

0.0069

Signiﬁcant

2.2

0.3280

Not signiﬁcant

comparison reveals that, with higher rotating speed (and therefore
higher shear rate), ﬁltration fouling can be effectively controlled or
even eliminated.

interesting to note that at 6 bar, the ﬂux does not increase above
57,000 s−1 . This may be explained by the competition of ﬁltration resistance increase and driven force augmentation when TMP
increases. This explanation is detailed in Section 3.4.1.

3.2. Filtration behavior of RDM assisted ﬁltration
3.3. Statistical analysis
Flux evolution during RDM assisted ﬁltration is presented in
Fig. 4. Flux is obviously affected by shear rate at a constant TMP.
For example, at a TMP of 2 bars, an increase of shear rate from
12,000 s−1 to 102,000 s−1 results in signiﬁcant steady-state ﬂux
augmentation, from 27 to 160 L/m2 h, respectively. Since higher
shear rates can reduce solutes accumulation at membrane surface
and thus decrease total ﬁltration resistance, higher ﬂux can correspondingly be achieved. Moreover, the required time to attain
steady-state ﬂux is obviously delayed by increasing shear rate.
This is the result of slower fouling at higher shear rate. Also, it is

In order to ensure a good model, test for signiﬁcance of the
regression model and test for lack-of-ﬁt need to be performed (Idris
et al., 2006). Normally, the signiﬁcance of model can be evaluated
based on the F-value or P-value (also named “Prob. > F” value). The
larger the magnitude of F-value and correspondingly the smaller
the “Prob. > F” value, the more signiﬁcant is the model.
The results of quadratic response surface model in the form of
analysis of variance (ANOVA) for average ﬂux and speciﬁc energy
are presented in Table 4. The P-value of RSM model for average ﬂux
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Fig. 5. Normal probability plot of residuals for average ﬂux (a) and speciﬁc energy
(b).

is 0.0074. Since P-values of less than 0.05 indicate model terms are
signiﬁcant. It can be concluded that the model is signiﬁcant. The
lack-of-ﬁt P-value of 0.78 implies that the lack of ﬁt is not significant relative to the pure error. The precision of a model can be
checked by the correlation coefﬁcient (R2 ). The R2 -value for average ﬂux is calculated as 0.93, which is very close to 1 and it implies
that the sample variation of 93% for average ﬂux is attributed to the
independent variables, and only about 7% of the total variation cannot be explained by the model. This indicates that the accuracy and
general ability of the quadratic model is good. The same analysis
can also be applied for speciﬁc energy based on its ANOVA results
in Table 4 to conﬁrm the goodness of the model. Therefore, the
response surface models developed for all the response variables
are adequate.
By applying multiple regression analysis on the experimental
data, the equations in terms of coded factors were obtained as
follows:
Fav = 104.38 − 11.38x1 + 65.12x2 − 10.35x1 x2
− 19.80x12 − 2.30x22

(10)
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Fig. 6. Plot of residuals versus predicted response for average ﬂux (a) and speciﬁc
energy (b).

Ec = 187.67 + 63.67x1 + 165.72x2 − 52.75x1 x2
+ 63.22x12 + 128.57x22

(11)

where x1 , x2 are the coded values of TMP and shear rate, respectively
according to Table 1.
The ﬁnal equations in terms of actual factors for Eqs. (10) and
(11) were obtained as follows, respectively:
Fav = −64.43 + 40.46X1 + 2.04 × 10−3 X2 − 1.15
× 10−4 X1 X2 − 4.95X12 − 1.14 × 10−9 X22

(12)

Ec = 595.76 − 61.19X1 + 8.58 × 10−3 X2 − 5.86
× 10−4 X1 X2 + 15.80X12 + 6.35 × 10−8 X22

(13)

The above quadratic response functions can be used to predict
the average ﬂux and speciﬁc energy within the limits of the experimental factors. The normal probability plot of the residuals, the
plot of the residuals versus predicted response, and the predicted

Chapiter IV Filtration of Chicory Juice Article V
160

Z. Zhu et al. / Industrial Crops and Products 53 (2014) 154–162

Fig. 8. Surface response (a) and contour plots (b) of average ﬂux as a function of
shear rate and TMP.
Fig. 7. Plot of predicted response versus actual value for average ﬂux (a) and speciﬁc
energy (b).

response versus actual values for both the average ﬂux and speciﬁc
energy are presented in Figs. 5–7. Normally distributed residuals
are a fundamental assumption of linear/non-linear regressions and
one should see a straight line on a normal probability plot if this
assumption is correct. In Fig. 5a, a straight line is observed for
both average ﬂux and speciﬁc energy, indicating that the regression models are of good ﬁt. Fig. 6 presents a plot of residuals versus
the predicted response. The general impression is that the residuals scatter randomly on the display, suggesting that the variance of
the original observation is constant for all values of responses and
there is no reason to suspect any violation of the independence
or constant variance assumption (Idris et al., 2006). Fig. 7 reveals
that the predicted response values are well in agreement with the
actual ones in the range of the operating variables. Three of the
plots (Figs. 5–7) are satisfactory, so we conclude that the empirical models are adequate to describe the ﬁltration performance by
response surface modeling.
3.4. Effect of TMP and membrane shear rate on average ﬂux and
speciﬁc energy
3.4.1. Average ﬂux
The combined effect of TMP and shear rate is shown in Fig. 8
in the form of 3D surface and contour plots. As can be seen, the

average ﬂux increases almost linearly when the shear rate from
12,000 to 102,000 s−1 . This is because of the better elimination of
membrane fouling at higher shear rate. With the increase of TMP
the average ﬂux ﬁrst slightly increased and then decreased. Similar phenomenon were reported by other researchers, for example,
Wojciech et al. (2013) reported that, during cross-ﬂow microﬁltration of fermentation broth containing native corn starch, an
increase in TMP triggers a decrease in the normalized permeate ﬂux
rate; Singh and Cheryan (1997) observed a signiﬁcant ﬂux decline
when TMP increased from 1 to 3 bar, especially at low cross ﬂow
velocity, during ceramic membrane microﬁltration of corn starch
hydrolysate. This can be explained by the competition of driven
force increase and ﬁltration resistance augmentation when TMP
increases. According to Bacchin et al. (2006) and Luo et al. (2013),
there exist two anti-fouling effects: shear-enhanced back transport and Brownian diffusion (back diffusion of rejected particles
into the bulk, which is mainly due to the resulting concentration
gradient). The shear-induced back diffusion diffusivity is proportional to the square of the particle size multiplied by the shear rate,
while the Brownian diffusion coefﬁcient is irrespective of shear rate
and inversely proportional to particle size (Belfort et al., 1994). At a
certain TMP range (under threshold ﬂux required TMP), the polarized layer on the membrane is dynamic and most rejected particles
near membrane surface are ﬂoating, inducing an almost constant
ﬁltration resistance, therefore driving force increase may be more
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Fig. 10. Optimum RDM ﬁltration conditions as a function of TMP and shear rate
after combined contour plots.

causes a slight augmentation of speciﬁc energy. That’s why the RSM
method should be applied to optimize the operation conditions. The
minimum speciﬁc energy of 145.13 kwh/m3 can be obtained when
the TMP is 4.46 bars and shear rate is 84,441 s−1 .
3.5. Optimization and veriﬁcation

Fig. 9. Surface response (a) and contour plots (b) of speciﬁc energy as a function of
shear rate and TMP.

signiﬁcant when TMP increases. However, when TMP increases to
exceed a characteristic value (threshold ﬂux required TMP), more
retained particles may assemble together, the fouling layer may be
better compacted, and the shear-enhanced back transport cannot
afford the decrease of Brownian diffusion of particle aggregations,
therefore, more and more particles accumulate and deposit on the
membrane, causing a signiﬁcant augmentation of fouling resistance, which counteracts or overcomes the increase of driving force.
The maximal average ﬂux of 173 L/m2 h can be obtained when the
TMP is 2.90 bars and shear rate is 102,000 s−1 .
3.4.2. Speciﬁc energy
The surface and contour plots for effect of TMP and shear rate
on speciﬁc energy is shown in Fig. 9. Increase of TMP causes slight
augmentation of speciﬁc energy consumption; while this energy
decreases when the shear rate increases from 12,000 to 79,500 s−1 .
However, further increase of shear rate resulting in higher ﬂux,
cannot compensate the extra energy it consumes. Consequently, it

Although higher average ﬂux may lead to lower speciﬁc energy,
they are two different responses whose optimization was achieved
under different optimal conditions. Thus, a compromise between
the conditions for the two responses is desirable. The desirability function approach was used to achieve such a goal (Pinzauti
et al., 1996; Hu et al., 2005). The overall desirability function is a
multiplicative model of individual desirability as follows (Cai et al.,
2012):
D = (d1 × d2 × · · · × dk )

1/k

(14)

where D is the overall desirability, 0 ≤ D ≤ 1; dk is the individual
desirability for response number k (in this study k = 2), 0 ≤ dk ≤ 1,
and is deﬁned by:

dk =

⎧
0,
⎪
⎪
⎨
⎪
⎪
⎩

if yk ≤ yk min

yk − yk min
,
yk max − yk min

if yk min < yk < yk max

1,

if yk ≥ yk max

(15)

where y is the value of response (average ﬂux and speciﬁc energy);
yk min is the minimum acceptable value of yk , yk max is the maximum value that is considered desirable. In this study yk min and
yk max were deﬁned as the lowest and biggest experimental values of average ﬂux and speciﬁc energy, respectively. The individual
desirability is found by Derringer’s approach (Derringer and Suich,
1980), which converts each response yk into an individual desirability dk using Eq. (15). The desirability scale ranges from 0 to 1, where

Table 5
Predicted and experimental values of the response at optimum conditions.
Response

Average ﬂux (L/m2 h)
Speciﬁc energy (kwh/m3 )

Optimum conditions
TMP (bar)

Shear rate (s−1 )

3.34
3.34

102,000
102,000
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Predicted value

Experimental value

172.2
153.9

167.9
169.4
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if the response is outside an acceptable region, sets dk = 0, and if the
response is fully desirable (at its goal or target), sets dk = 1.
The optimal conditions calculated from the regression equation
were TMP of 3.34 bars and shear rate of 101,999 s−1 (102,000 s−1 ,
considering of the accuracy of shear rate during our experiments), respectively. The corresponding average ﬂux and Ec were
172.2 L/m2 h and 153.9 kwh/m3 , respectively, with a desirability of
0.97. The overlay plot for the optimal region is presented in Fig. 10.
The veriﬁcation experiment under the optimal conditions was carried out in triplicate, and the average ﬂux and speciﬁc energy were
close to the predicted values, as shown in Table 5, with a 2.5%
lower average ﬂux average and 10% higher speciﬁc energy, a result
conﬁrming the adequacy of the predicted models.
4. Conclusions
This work conﬁrms the strong effect of operation conditions
(TMP and shear rate) on the performance of dead-end ﬁltration of
chicory juice using a RDM. Because of its higher shear rate, ﬁltration
ﬂux decline and fouling were greatly reduced. The fouling coefﬁcient of RDM ﬁltration was calculated and was found lower than
that of normal stirred ﬁltration unit. Response surface methodology was used in conjunction with central composite rotatable
design to optimize the ﬁltration conditions and obtain the maximum average ﬂux with minimum speciﬁc energy. According to
the obtained contour plots of Fig. 10, a maximum average ﬂux of
172.2 L/m2 h along with a speciﬁc energy of 153.9 kwh/m3 was predicted at TMP of 3.34 bar and a shear rate of 102,000 s−1 . Under
these conditions,the experimental average ﬂux and speciﬁc energy
were 167.9 L/m2 h and 169.4 kwh/m3 respectively, which was close
to the predicted values. Results of this work should contribute
to increase the efﬁciency of chicory juice membrane ﬁltration for
inulin puriﬁcation which could be carried out using industrial
dynamic ﬁltration modules such as the VSEP (New Logic, USA) or
RDM modules from Bokela GmbH (Dyno) or KMPT and Novoﬂow
companies for Germany.
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IV.5 Conclusions
As discussed in Chapter III, the feasibility of inulin extraction from chicory roots at lower
extraction temperature and energy consumption was evidenced. In Chapter IV, better chicory
juice quality is obtained when PEF is applied for extraction intensification. Diffusion juices
obtained at lower temperatures from PEF treated chicory were less colorized, had lower
turbidity, lower protein content, and higher purity than the conventional juice obtained at
80°C.
Chapter IV is also focused on clarification and purification of chicory juice with filtration.
Normal stirring filtration unit and rotating disk module were used to investigate the filtration
performance.
For a normal stirring filtration cell:
(1) The dead-end ultrafiltration of obtained diffusion juices permits their following
purification. The hydrophilic polyethersulfone membrane with MWCO of 50 kDa
produced the most purified filtrate, while the membrane with lower MWCO (5 kDa)
produced less purified filtrate probably due to the partial retention of inulin molecules.
(2) The increase of TMP from 1 to 2 bars permitted to increase the filtration flux and the juice
purity. A further increase of TMP to 4 bars leaded to the additional membrane fouling and
did not increase the filtration flux.
(3) The ultrafiltration behavior of obtained chicory juice can be successfully described by the
model of intermediate blocking mechanism.
For RDM assisted filtration:
(1) RDM permits to achieve higher permeate flux and lower permeate turbidity, resulting
from high membrane shear rate due high rotating speed, which also reduced membrane
fouling and led to higher carbohydrate transmission.
(2) Higher TMP caused lower carbohydrate transmission due to “dilution effect” by higher
flux at high rotating speed or “retarding effect” by a thicker fouling layer at low rotating
speed.
(3) Feed juice can be concentrated to VRR=10, still with a high flux (106 Lm-2h-1), and the
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resulting permeate was both rich in carbohydrate (10.8%) and well clarified (3.9 NTU).
(4) Optimal filtration condition at dead-end model to obtain maximum average flux and
minimum specific energy consumption was found by response surface methodology.
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General Conclusion and Prospects
Traditionally, inulin is extracted from chicory root at high temperature (70-80oC) and
purified by complicated operations. This process results in more impurities in extracted juice
and important energy consumption to obtain pure inulin. In order to intensify inulin extraction
from chicory root and simplify inulin purification process, PEF assisted inulin extraction and
chicory juice filtration were studied. The main conclusions can be summarized as follows:
1. The feasibility of PEF assisted extraction of inulin from chicory roots was confirmed in a
pilot countercurrent extractor. With PEF treatment at 600 Vcm-1, the diffusion temperature
can be decreased to 60oC to obtain comparable juice inulin concentration and juice purity,
comparable with conventional extraction condition (80oC). The diffusion juices obtained
at lower temperatures from PEF treated chicory are less colorized, have lower turbidity,
lower protein content, and higher purity than the conventional juice obtained at 80°C.
2. The beneﬁts of combined electroporation/ohmic heating pretreatment for the enhancement
of inulin extraction were confirmed. Compared to the non thermal electroporation at
400-800 V/cm, combined electroporation/ohmic heating resulted in faster and more
complete damage of chicory tissues, which is close to the maximal damage of chicory
tissue attained with high PEF of 10000 V/cm. Moreover, chicory tissue treated to the same
damage degree (Z=0.8-1.0) using very different PEF conditions (800, 1000 and
10000V/cm) has nearly the same diffusivity.
3. The dead-end ultrafiltration of obtained diffusion juices in a steering cell was studied. The
hydrophilic polyethersulfone membrane with MWCO of 50 kDa produced the most
purified filtrate. By reducing the diffusion temperature, the filtration performance is
enhanced because of the increase of juice quality. The ultrafiltration behavior of obtained
chicory juice can be successfully described by the model of intermediate blocking
mechanism.
4. The RDM was applied to clarification of chicory juice obtained from pilot diffusion
assisted by PEF pretreatment. Compared with normal stirring dead-end filtration, the
RDM showed the advantage of higher permeate flux and lower permeate turbidity,
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resulting from high membrane shear rate due high rotating speed, which also reduced
membrane fouling and led to higher carbohydrate transmission.
5. The strong effect of TMP and shear rate on the performance of dead-end filtration of
chicory juice using a RDM was confirmed. Because of the higher shear rate generated by
RDM, filtration flux decline and fouling were greatly reduced. With response surface
methodology, a maximum average flux of 172.2 L/m2h along with a specific energy of
153.9 kWh/m3 was predicted at TMP of 3.34 bar and a shear rate of 102000 s-1. Under
these conditions, the experimental average flux and specific energy were 167.9 L/m2h and
169.4 kWh/m3 respectively, which was close to the predicted values.
Future prospects:
1. Carry out pilot scale inulin extraction from chicory roots pretreated by combined
electroporation/ohmic heating pre-treatment. Investigate its diffusion kinetic, analyze
inulin extraction yield and compare obtained results with that of traditional diffusion and
electroporation assisted diffusion.
2. Investigation of PEF treatment condition in view of reducing the energy consumption. In
fact, in the case of PEF treatment of sugar beet roots, the specific energy consumption is
about 1 kWh/tone sugar beet roots, however 1.4 kWh is required for a treatment of 1 tone
chicory root.
3. Investigate effect of combined extraction intensification technologies on inulin extraction.
For example, combined ultrasound treatment and PEF treatment may facilitate chicory
root permeabilisation and inulin transport intensification. This study will also result in less
energy consumption.
4. Study PEF assisted selective inulin extraction. By applying different intensity of PEF
pre-treatment, one may extract inulin with different molecular weight. For example, after
a PEF treatment at E=200 V/cm, treated chicory roots may be used for low molecular
weight inulin diffusion. Then these chicory roots can be treated again at E=600 V/cm for
higher molecular weight inulin diffusion. Finally high PEF treatment (>1000 V/cm) can
be used for extracting the rest inulin in chicory root. Mechanism of this “step-by-step”
PEF pretreatment can be studied. Energy consumption for PEF treatment, inulin diffusion
and separation may be compared with that of traditional inulin extraction and separation.
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5. Establish cross-flow multi-step membrane filtration to purify chicory juice and obtain
inulin with different molecular weight for its different application. Microfiltration can be
used for clarification, ultrafiltration with different molecular weight cut-off can be used to
produce inulin with different molecular weight.

6. Characterize membrane fouling using scanning electron microscopy (SEM) or atomic
force microscope (AFM) for better understanding of membrane fouling during chicory
juice filtration.
7. Integrate PEF assisted inulin extraction and membrane filtration for continuous inulin
production. Pilot scale continuous device can be made and used to study its inulin
extraction efficiency, purification effect and energy consumption and to evaluate its
feasibility for replacing traditional inulin production process.
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