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Abstract

The stigmas of Crocus sativus Linnaeus are the basis for the most expensive spices

in the world (saffron). Picrocrocin (PC), crocine I (CI), and crocin II (CII) are the

main valuable constituents of saffron extract, responsible for the bitter taste, the red

color of saffron, and for its usage as the fragrance. Crocin and picrocrocine have

significant potential for the treatment of human diseases and disorders, such as de-

pressive disorders, multiple sclerosis, eye diseases, inflammatory diseases and cancer.

Since the production of pure crocines and picrocrocin is not well developed, two main

separation methods, namely solid-liquid extraction and solid-liquid chromatography

are used to efficiently extract and purify these valuable components from high quality

Iranian saffron.

With respect to extraction, a systematic experimental study was performed to identify

a suitable solvent and to determine key thermodynamic and kinetic properties of the

three mentioned valuable saffron ingredients. These parameters were used in a the-

oretical study predicting both batch-wise and continuous counter-current extraction

operation. A simplified model for the counter-current operation using the determined

parameters was used to predict process productivities.

Regarding chromatographic purification, a three-step gradient elution method was

developed to perform the separation of the three target molecules. The innovative

aspect is the application of the equilibrium theory. It applies validate Henry constants

to design a simple step-gradient elution. The developed three-step gradient elution

was first validated on the analytical column. Then, preparative chromatography was

used. It achieved good performance productivities. A prove of the applicability is the

provision of three fractions of very pure picrocrocin, crocin I, and crocin II.
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Kurzzusammenfassung

Die Narben von Crocus sativus Linnaeus sind die Grundlage für das teuerste Gewürz

der Welt (Safran). Picrocrocin (PC), Crocin I (CI) und Crocin II (CII) sind die

wichtigsten wertvollen Bestandteile von Safranextrakten, die für den bitteren Geschm-

ack, die rote Farbe des Safrans und für seine Verwendung als Duftstoff verantwortlich

sind. Crocin und Picrocrocin haben ein erhebliches Potenzial für die Behandlung

menschlicher Krankheiten und Störungen wie depressive Störungen, multiple Sklerose,

Augenkrankheiten, entzündliche Erkrankungen und Krebs. Da die Produktion von

reinem Crocin und Picrocrocin sowohl hinsichtlich der Extraktion als auch der Reini-

gung noch nicht weit entwickelt ist, wurden zwei Haupttrennmethoden, nämlich Fest-

Flüssig-Extraktion und Fest-Flüssig-Chromatographie, eingesetzt, um diese wertvollen

Bestandteile aus hochwertigem iranischem Safran effizient zu extrahieren und zu reini-

gen .

Im Hinblick auf die Extraktion wurde eine systematische experimentelle Studie durch-

geführt, um ein geeignetes Lösungsmittel zu identifizieren und die wichtigsten ther-

modynamischen und kinetischen Eigenschaften der drei genannten wertvollen Safran-

inhaltsstoffe zu bestimmen. Diese Parameter wurden in einer theoretischen Studie

zur Vorhersage sowohl des diskontinuierlichen als auch des kontinuierlichen Gegen-

stromextraktionsvorgangs verwendet. Ein vereinfachtes Gegenstrommodell wurde

unter Verwendung der ermittelten Parameter zur Vorhersage der Prozessproduk-

tivitäten verwendet.

Bezüglich der chromatographischen Reinigung wurde eine dreistufige Gradientene-

lutionsmethode zur Durchführung der Trennung der drei Zielmoleküle entwickelt.

Der innovative Aspekt ist die Anwendung der Gleichgewichtstheorie. Mit validierten

Henry-Konstanten wurden einfache Stufengradientenelution entworfen. Die entwick-

elte dreistufige Gradientenelution wurde auf einer Analysesäule validiert. Später

wurde die präparative Chromatographie unter Verwendung der Stufengradientene-

lution eingesetzt. Dabei wurden gute Leistungsproduktivitäten erzielt. Nachweis der

Anwendbarkeit des Konzeptes ist die Bereitstellung von drei hochreinen Fraktionen

an Picrocrocin, Crocin I und Crocin II.
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Chapter 1

Introduction

1.1 Motivation and Goal of Thesis

Plants have been considered and used throughout history for their nutritional proper-

ties and medicinal effects. The medicinal and nutritional properties of plants are due

to the presence of secondary metabolites such as phenolic compounds (about 8,000),

alkaloids (about 12,000), terpenes and terpenoids (about 25,000). These bioactive

compounds have attracted the attention of many researchers who have focused on

extracting and purifying them from natural sources for pharmaceutical, food, and

cosmetic applications. Unfortunately, many studies have not fully utilised these valu-

able and natural compounds. One of these valuable plants is Crocus Sativus L .

and/or saffron. Saffron is one of the most expensive spices in the world that contains

compounds with medicinal properties, such as anti-cancer, anti-depression, multiple

sclerosis, etc. Other applications of saffron extract and its pure components can be

found in the food and cosmetic industries [1–10]. Due to the high price of saffron

and the even higher price of its purified valuable constituents, this has motivated us

to work on the extraction and purification of the valuable constituents of saffron in

developed and highly productive processes that have never been studied before.

Therefore, the aim of this study is to contribute to the efficient extraction and purifica-

tion of the valuable constituents of saffron, namely picrocroin (PC), crocin I (CI) and

crocin II (CII). On the other word, we will test separation techniques such as solid-

liquid extraction and solid-liquid chromatography to see if they work, and we want to

quantify them, which will allow us to estimate productivities and make assessments

for scale-up. Hence, we try to present technical and developed procedures to obtain

reproducible and pure valuable constituents of saffron with acceptable productivity

and high yield by extraction and chromatography techniques.

1



Chapter 1 Introduction

1.2 Crocus Sativus L.: Agricultural Aspects

Crocus Sativus Linnaeus is one of 85 species of Crocus, descended from the wild form

C. Cartwrightianus. It is an autumn-flowering taxon and a triploid ((2n)×(3X)=24)

infertile plant that therefore cannot form seeds [11, 12]. C. Sativus is known to be hys-

terantic, i.e. its multiplication is done via corms [13]. The more common and familiar

name of C. Sativus is saffron and comes from the Persian word (Zarparan), which

literally means ”golden leaves”. The stigmas of saffron flowers contain high levels of

carotenoids. It is believed that this plant originated in Iran. However, Mesopotamia

and Greece are also mentioned as possible regions of origin of saffron. In recent years,

it has also been reported in the Kashmir region of India, in China (especially in Ti-

bet) and in Morocco [14, 15]. The annual world production of saffron is estimated at

400 tons (in 2023), with Iran recognized as the main producer in the world (about

88% of the total). Although Iran is the main producer of saffron in the world, Spain

is the largest exporter of saffron spice [16]. Each saffron flower has three crimson

stigmas, which are known as saffron spice after drying. Therefore, saffron spice is not

obtained from the whole plant [14, 17]. Saffron is the most expensive spice (it can

cost more than 2000 dollars per kilogram) due to the number of factors, including the

cost of cultivation operations, the short flowering period of only 15 days (mid or late

October), the low mass of the stigmas, and the narrow cultivation areas (ISO /TS

3632 2003) [18]. Due to the high price of saffron in the world market, it is highly

affected by adulteration, which is usually done by artificial colorants and the addition

of external plant material to increase the orange color or mass [19]. To avoid fraud,

the International Standards Organization ISO / TS 3632 2003 proposed to determine

the quality by standard tests. At ISO, saffron is classified into three main classes in

terms of physical and chemical characteristics such as microscopic features, contam-

ination with plant/flower debris, moisture content (should be ≤12%) [20], and the

characteristics of the three main bioactive ingredients, namely crocine (responsible

for the red color), picrocrocin (bitter taste), and safranal (fragrance) [21, 22]. Several

methods are used to characterise saffron, but UV-visible spectrophotometry at wave-

lengths E1%
1cm 440 nm, E1%

1cm 257 nm, E1%
1cm 330 nm (maximum absorb wavelengths of

crocines, picrocrocin, and safranal, respectively) are widely used [23–25]. Due to the

adsorbance interference between crocines and picrocroicn of saffron, this method is

not accurate enough [24–26]. To solve this problem, Michelli and Corradi suggested

the addition of a ∆EPC factor for the calculation of the amount of picrocrocin, and

other authors advocated the use of complementary quantitative analyses to better

determine the quality of saffron [27].

As mentioned earlier, the dried red stigma of Crocus Sativus is used as the saffron

spice, and only the C. Sativus corms produce this saffron spice. Saffron is an autumn

flower. The narrow leaves of saffron are 6-10 cm long and 2-3 cm wide. The flowers

are almost 8 cm long and have light purple to lilac leaves. Sometimes there are red or
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white stripes on the leaves. Each saffron flower contains three bright crimson stigmas

that are 25-33 mm long. C. Sativus, as a triploid sterile monocot, is unable to produce

viable seeds by crossing. Therefore, the plant is grown by vegetative propagation (see

Table 1.1) [21, 28].

Table 1.1: Effective production of cormlets
Production of daughter corms
A) Shallow planting and pre-sprouting of the apical bud
B) Regular control of planted corms to prevent the spread of disease
C) Replanting corms found on the ground
D) Frequentative removal of weeds

During the spring growing season, the mother corm of C. Sativus produces smaller

daughter corms in the surrounding area. At the end of the growing season, the

daughter corms of C. Sativus consume the mother corm. Usually, corms are planted

during their dormant period at the end of summer or beginning of fall. In the following

fall season the daughter corms produce new flowers. The annual cycle growth of

saffron essentially includes five main cycles that occur at different intervals depending

on the area and climate. These growth stages include budding, flowering, leaf growth,

development of daughter corms and corm latency [13, 21, 29]. The life cycle of C.

Sativus begins in mid-autumn with flowering and vegetative growth, which requires

water from rainfall or irrigation, and ends in spring after the formation of replacement

corms. The entire life cycle lasts about 220 days (see table 1.2).

Table 1.2: Growth stages of C.sativus and corm cultivation
Corm planting Flowering Vegetative growth Withering of leaves Cormlets uprooting

September or October November or December December to April May July or August

1.2.1 Climate and Soil Conditions

Saffron is grown in very different climates. However, it is adapted to mild and sub-

tropical climates and semi-arid regions. It is mainly grown in Asia, where Iran in

particular accounts for about 90% of the world’s saffron production [30, 31]. C.

Sativus L. is also adaptable to a wide range of soil types, ranging from well-drained

to sandy loam soils (see table 1.3) [21]. Observations show that C. Sativus grows

better compared to cultivation at higher altitudes or in plastic tunnels on the coast

with high productivity and reasonable yield. It is better to grow saffron in barren

soils than in semi-barren soils. Saffron can also endure the cold winter up to -10 °C.
Optimal conditions for growing saffron are sunlight and not shade, where it withers

[32] (see table 1.3).
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Table 1.3: Climate and soil characteristics of C. Sativus cultivation in different regions
[21, 28, 30, 33]

Region Rainfall Temperature Soil
Altitude

(above sea level)
India

(Kashmir)
100 mm Sub-temperate

pH 7.2-8.4
available K2O

32-36 °N
1600 m

Iran
(Khorasan)

443 mm Not specified

pH 8-8.1,
Potassium
270 mg/Kg
Clay 22.6%
Sand 46%

2064 m

Italy
(Navelli Highlands)

Frequent rainfall Moderate Not specified Not specified

Greece
(Kozani)

>500 mm Moderate
pH 7.4

K2O 70 mg/Kg,
710 m

1.2.2 Harvest and Post-Harvest

In saffron production, harvesting is a crucial step. Researchs show that delaying

harvest by as little as two days after full flowering can significantly affect some saffron

quality parameters [34]. Harvesting of saffron flowers is done early in the morning

after the dew has evaporated and before the flowers fade. It is done manually and

the stigmas are sorted by hand [21, 22, 34]. After harvesting of saffron flowers, the

drying process takes place, which gives the stigmas of Crocus Sativus the definitive

name of saffron spice and its particular organoleptic properties [20]. The ingredient

responsible for the saffron fragrance is safranal, which is produced during dehydration

and drying by the breakdown of picrocrocin. During the dehydration and drying

process, the stigma loses almost 80% of its weight. The process is finished when the

saffron stigmas have some elasticity and do not fall into pieces. In the world market,

saffron stigmas are called saffron spice while they contain 12% of moisture (ISO 3632).

Drying methods vary widely from country to country [21, 22, 34, 35]. Overall, they

can be divided into two methods. The first method, where moderate heat is used for a

long time (under sunlight and/or in rooms with air conditioning), which is a classical

method, and the second method, where moderate to high temperatures are applied for

a shorter time (by drying equipment), which are known as modern methods. Several

studies and procedures have been carried out to optimise drying processes, including

sun, shade, microwave, freeze-drying and vacuum oven (see table 1.4) [20, 24–26, 35–

37].

Table 1.4: Various drying processes of saffron. RT : Room Temperature
Drying process Final moisture content Countries

RT and sunlight (3-10 days) 8-10% Iran-India-Morocco
Air ventilated Not specified Not specified

Medium to high temperature 5-20% Spain-Greece-Italy

Scientific research has shown that drying saffron at low temperatures is not suitable

and affects the quality of the product [24, 25, 35]. Recent research and studies have
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shown that the light color of saffron stigmas is due to a rapid drying process at high

temperature [38]. The evaluation of the valuable ingredients of saffron has shown

that the content of trans-crocin and safranal increases due to rapid drying at high

temperatures [20, 24, 25].

1.3 Active Compounds and Properties

Saffron stigmas contain about 63% carbohydrates, 12% proteins, 5% minerals, 5%

fat, and 5% crude fiber (in wt%) [39]. In addition, a large number of secondary

metabolites were detected at trace levels, such as zeaxanthin, lycopene, flavonoids,

and some carotenoids such as α- and β-carotene [11, 40]. The organoleptic properties

of saffron are due to the presence of three types of carotenoids, namely picrocrocin,

crocins and safranal [20]. These constituents are produced through the biological

pathway of zeaxantins (oxidative cleavage, oxidative modifications and glycosylation)

(Figure 1.2) [41, 42]. It is believed that these carotenoids are produced in the flowering

phase in the cytoplasm of the cell matrix or in the chromoplasts (non-mevalonic acid

pathway) [20, 43–45].

1.3.1 Crocins

Crocins are mainly responsible for the red color of saffron. Chemically, these pigments

are diesters of the mono- or diglycosyl of polyendicarboxylic acid crocetin (C20H24O4)

(Figure 1.1). Among the group of crocins, crocin I or the digentiobiosester of crocetin

has the highest amount, which in a high quality saffron it can be as high as 30% [46].

This compound is the most biologically active ingredient in saffron [47]. There are

five crocins in saffron, which are either cis- or trans-glycosides of crocetin (Figure 1.1)

[15].
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Figure 1.1: Structural features of the crocins of saffron. Crocin I (CI) (R1=R2=
gentiobiosyl-), Crocin II (CII) (R1= gentiobiosyl-, R2= glucosyl-), Crocin III (CIII)
(R1=R2= glucosyl-), Crocin IV (CIV) (R1 = gentiobiosyl-, R2= H), Crocin V (CV)
(R1= glucosyl-, R2= H); Crocetin (R1=R2= H)

Crocin I (C44H64O24) is the main and major compound in saffron and has received

more attention as a compound with effective medicinal properties [48, 49]. Nagatoshi

proposed the biosynthetic pathway of crocin I, which starts with the cleavage of

zeaxanthin and the formation of crocetin dialdehyde as the first step. In the second

step, oxidation of crocetin dialdehyde leads to the crocetin compound, and at the end,

glycosylation of crocetin by various glucosyltransferases leads to crocin I as the final

product (crocetin-di-(β-gentiobiosyl)-ester) (see Figure 1.2) [46].
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Figure 1.2: Biosynthesis pathway of crocins

It should be mentioned that trans di-gentiobiosyl ester of crocetin can be converted

to the cis di-gentiobiosyl ester of crocetin under light or high temperature. Cis/trans

isomers could be determined only with UV-spectra [50].

1.3.2 Picrocrocin

Picrocrocin (C16H26O7) is the compound responsible for the typical spicy flavour of

saffron and is a monoterpene glycoside that is one of the carotenoid products of the

enzymatic cleavage of zeaxanthin in saffron [22]. Picrocrocin (PC) is an intermediate

compound between crocin and safranal (see Figure 1.3). Picrocrocin releases the agly-
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cone 4-hydroxy-2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde, HTCC, (C10H16O2)

under enzymatic action of β-glucosidase (Figure 1.3) [19, 39]. Depending on the qual-

ity of saffron, the content of picrocrocin in the dried stigmas has been reported in the

range of 0.8 to 27% [51–53].

1.3.3 Saffranal

Saffranal (2,6,6-trimethyl-1,3-cyclohexadiene-1-carboxaldehyde) is a terpene aldehyde

responsible for the fragrance and aromatic odor of saffron. It is a volatile component

and has very low solubility in water [15, 51]. Safranal is released from picrocrocin by

enzymatic action during drying process. Therefore, the drying process is a critical

step in the production of saffron spice from C. Sativus. During the drying process,

picrocrocin is hydrolyzed by β-glucosidase to the aglycone HTCC. At the end, safranal

is released by dehydration of HTCC (Figure 1.3) [54].

Figure 1.3: Biosynthetic pathway of picrocrocin and safranal in saffron

1.3.4 Solubility

The compatibility of a solvent to dissolve a target molecule (solute) depends on the

polarity of the solute, the polarity of the solvent, and the solubility of the solute.

The main constituents of saffron (picrocrocin and crocins) belong to the carotenoid

family. Carotenoids are lipophilic compounds that are insoluble in water, but soluble

in some solvents such as chloroform, acetone and alcohol. However, due to the sugar
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moieties such as glucosyl and gentiobiosyl in the chemical structures of picrocrocin

and crocins, they are polar carotenoids in nature [12, 15, 18, 51, 55]. Therefore, due to

the sugary functional groups in these compounds and according to the ”like dissolves

like” rule, picrocrocin and crocins have the highest solubility in polar solvents. Polar

solvents, such as water and ethanol-water mixture, showed higher solubilities power

and capacity for the dissolution and extraction of picrocrocin and crocins from the

saffron stigmas [47, 51].

1.4 Applications of saffron and its ingredients

The first use of saffron dates back to the seventh century BC in the Assyrian botanical

treatise compiled under Ashurbanipal. It was used for its culinary properties and

as a medicinal plant (herbal cure). Overall, saffron was used by many civilizations

primarily as a nutritional spice. The uses of dried saffron stigmas in the food industry

can be divided into three main aspects: (a) natural food colorant, (b) food flavoring,

and (c) antioxidant. Antioxidants are not only used in the pharmaceutical industry,

but are also increasingly used in the food industry. Many foods contain unsaturated

fatty acids, which are easily spoiled by oxidation. Using antioxidants to prevent food

spoilage is a good solution. The protective effect of these compounds has extended the

shelf life of foods and facilitated their storage. There are various synthetic antioxidants

and colorants that prevent oxidation and are used as food additives. However, with

the emphasis on using natural ingredients in food to protect people’s health, the

food industry is looking for natural additives that are more likely to be accepted by

consumers. Another popular application of saffron is its use in the cosmetics industry

as a natural colorant [1, 56, 57].

The most important application part of saffron goes back to its medicinal motives.

Hippocrates in 5-4th century BC, Diokles in 3rd century BC and Discorides in 1st

century AD used saffron to treat eye diseases, such as corneal diseases and eye infec-

tions, and other diseases such as ulcers, earaches and toothaches. It was commonly

known as a sedative and hemostatic ingredient [58]. In recent years, the literature

dealing with the use of saffron as a medicine to treat various diseases such as anti-

tumour, anti-oxidant, antidepressant and sometimes used for phototherapy , proving

the increasing interest of scientists in the therapeutic effects of saffron ingredients [15,

59–69]. Studies show that the main ingredients of saffron have various pharmaceuti-

cal effects. Treatment of cancer with conventional methods such as radio-, chemo-,

photolysis- and catalytic therapy is expensive, difficult and has many side effects [70].

Therefore, due to the low toxicity, strong effects and low side effects of natural prod-

ucts, the demand for them is increasing [71, 72]. It has been proven that fruits high in

carotenoids and a plant-based diet have a protective effect via repairing activity, re-

ducing DNA damage and increasing LDL oxidation effect [73]. Saffron contains many
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carotenoids with anti-cancer properties, mainly influenced by the following effects:

a) Influencing the proteins responsible for cell division (cytoskeletal proteins)

b) Inhibition of key DNA enzymes

c) Inhibition of the chain reaction of free radicals [74]

Another pharmaceutical property of saffron is its antidepressant effect. The disease

and mortality due to depression are increasing considerably in the world and is the

fourth disease causing incapacity worldwide [75]. Among the cited literatures, crocin

I and crocetin have shown dominant antidepressant effect. Therefore, the use of

saffron stigmats for the treatment of depression is steadily increasing [15, 67–69, 76].

Observations show that higher concentrations of crocin (and lower doses of crocetin)

have an antidepressant effect in mice, implying that crocetin is more effective [76].

Studies by a Japanese group show that after crocin use (oral administration), these

ingredients are hydrolyzed to crocetin before and during enteric absorption [77].

1.5 Analytical Techniques

An analytical technique is a procedure for determining the physical and chemical prop-

erties of a chemical molecule, substance, or mixture. There are a variety of analytical

techniques, from gravimetric analysis (weighing), titrimetric analysis to the use of

highly specialized equipment [78]. The qualitative and quantitative characteristics of

a saffron sample are very important to the relevant industries. The most common an-

alytical techniques are UV-vis spectrometry, thin layer chromatography (TLC), high

performance liquid chromatography (HPLC) and gas chromatography (GC). NMR

and IR analysis techniques are less common [30, 51, 79–81]. Many researchers use

TLC, HPLC and GC analysis techniques to specify a saffron sample.

1.5.1 Thin Layer Chromatography

One of the most common and well-known chromatography techniques is thin layer

chromatography (TLC), which is used to separate non-volatile mixtures. TLC is

performed on a plate made of an inert substrate such as aluminum foil, plastic, or glass,

usually coated with silica gel, cellulose, or alumina as an adsorbent. This thin layer of

adsorbent is called the stationary phase. After the sample is applied onto the plate,

the solvent(s) is drawn up the plate as the mobile phase by capillary movement. Due to

the different affinity of components to the adsorbent, they move in different speeds,

which leads to the separation of the components. One of the analytical methods

used to characterize saffron is the TLC technique. The International Organization for

Standardization (ISO) uses TLC and spectrophotometry to analyze the color strength,

volatile content and moisture content of a saffron sample (ISO 3632/ TS or ISO /DIS
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3532.2) [37].

Crocins and picrocrocin of a saffron crude extract can be separated on TLC by the

solvent composition water-acetic acid-n-butanol (1:1:4). Safranal is extracted with

diethyl ether and separated on TLC with hexane-ethyl acetate (9:1). After the deter-

mination of the main constituents of the saffron extract by TLC, they are analyzed

spectrophotometrically at their extinction coefficient and maximum absorption wave-

length (10100, 250 nm for picrocroicn and 89000, 443 nm for crocins) [37, 82–85].

One of the developed TLC methods is high performance thin layer chromatography

(HPTLC), which is used for better separation of saffron components by TLC technique

[37, 86–88].

1.5.2 Gas Chromatography

One of the most common types of chromatography is gas chromatography (GC) and

gas chromatography-mass spectrometry (GC-MS), which are used to separate and

analyze components that can be evaporated without decomposition, such as saffranal

[80, 89–91]. Saffron diethyl ether extract or supercritical carbon dioxide extract con-

taining saffranal and probably some other impurities are usually separated and purity

tested by HRGC-MS. Cossignani used a Perkin-Elmer Auto System Gas Chromatog-

raphy equipped with split/splitless injector and FID. Separation was performed on

an HP1-ms capillary column (30 m × 0.25 mm i.d., 0.25 µm f.t., Agilent technolo-

gies Inc., USA). The temperature of the injector and detector was set at 250 and

300 °C, respectively. The oven temperature was held at 50 °C for 3 minutes and then

increased to 180 °C in 43.33 minutes (at a flow rate of 3 °C/min), then increased to

250 °C in 4.66 minutes (at a flow rate of 15 °C/min), and then held for 5 minutes.

In this procedure, the flow rate of the carrier gas (He) was 1 ml/min; the injection

volume was 1 µl with a split ratio of 1:70 [37].

1.5.3 High Performance Liquid Chromatography

Among the aforementioned techniques, high-performance liquid chromatography is

the more powerful, accurate, and sensitive technique for the analysis and determina-

tion of adulterants. HPLC, also known as high-pressure liquid chromatography, is a

powerful technique for separating, identifying, and quantifying each compound in a

composite sample. The HPLC instrument consists of eluent, degasser, pumps, injec-

tor, column, column oven and detector. The pumps pass the mobile phase containing

the sample mixture under high pressure through a column filled with a solid adsor-

bent. The different migration velocities of the components in a so-called separation

column lead to the separation of the components. The driving force of separation

is usually due to the different distribution equilibria of the components between sta-

tionary and mobile phases. This technique is particularly suitable for the separation
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of active pharmaceutical ingredients (API) and biomolecules [82]. There are a vari-

ety of chromatographic techniques that differ in stationary and mobile phases. The

most common chromatography method is adsorption chromatography (about 80%).

In adsorption chromatography, there are two types of stationary phases:

a) The normal (polar) phase, which consists of silica gel. Silica gel is amorphous

silicon dioxide (SiO2) with a very porous structure and contains siloxane groups (-

Si-O-Si-O -) and silanol groups (-Si-OH), which are very polar and reactive

b) Reversed phase (RP, non-polar), i.e. coated silica with Cn (C4, C8, C18 etc.)

The selection of the stationary phase depends on the polarity of the compound to

be separated. In almost all saffron projects, a reverse phase C18 (RP-C18) HPLC

column is used to separate, identify, and quantify the components of a saffron ex-

tract. These components (picrocrocin and crocins) can be separated on the HPLC-

C18 column (Lc=150 mm, dc=4.6 mm, 5 µm, 120 Å) by a gradient elution method

of water (A) and acetonitrile (B)(20% of B to 80% B) at the wavelengths of 254,

440, 330 nm (wavelengths with highest absorbance value of picrocrocin, crocines and

safranal, respectively) [16, 54, 82, 92–94]. The usual detector is a diode array detector

(DAD) which can be combined with various mass spectrometry techniques such as

electrospray ionization (ESI), quadrupole time-of-flight (Q-TOF) and various tandem

mass spectrometry techniques. Mass analysis can be performed in both positive and

negative modes with a scan range and scan rate of 100-1200 m/z and 1.3 scans/s,

respectively. In the on-line HPLC-MS analysis technique, the output of the HPLC

detector is the input of the MS instrument. The mass of the target molecules usually

adduct to hydrogen [M+H]+, sodium [M+Na]+, potassium [M+K]+ or ammonium

[M +NH4]+ [11, 22, 52, 81, 94, 95].

Ultra Pressure Liquid Chromatography (UPLC) is another method of adsorption chro-

matography. In this method, the back pressure of the column is high due to the very

small particle size of the stationary phase. The use of a UPLC system with an RP-

C18 column (2.1×100 mm, 1.7 µm) for the separation and analysis of the components

of the saffron extract shows that the separation of all crocines is achieved in less than

two minutes, which is very suitable for rapid analytical studies [15].

1.6 Isolation and Purification Techniques

1.6.1 Extraction

The definition of extraction in chemistry is a separation process involving the sep-

aration of a substance from a starting material (matrix); for example, liquid-liquid

extraction (LLE), solid-phase extraction (SPE), and solid-liquid extraction (SLE)

and/or leaching. Leaching is a process of dissolving and extracting a substance (by
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the liquid phase) from the solid material in a solid-liquid mixture. This process is

known as an extraction process, especially in the chemical industry. The leaching

process involves three basic steps: contact, separation, and extraction. On the other

hand, the term ”extract” refers to the substance(s) obtained by extracting a portion

of a raw material, often using polar and/or non-polar solvents. The equilibrium con-

dition described by partition theory is the distribution of an analyte between two

phases. This is based on the theory of how solutes move from the starting material

(solid or liquid) into the extracting solvent. It should be noted that the term ”wash-

ing” is also sometimes used to refer to an extraction process in which some impurities

are extracted from the solvent containing the target molecules (extracting solvent)

[96, 97].

The solid-liquid extraction method is usually used to extract the valuable ingredi-

ents of saffron. Saffron contains mainly picrocrocin and apocarotenoids (crocins), the

quantity of which determines the value and quality of a saffron sample. The qual-

ity of a saffron sample is influenced by various factors such as cultivation, drying

conditions and extraction methods used [37]. Extraction plays the most important

role in saffron utilization. Therefore, many different techniques have been used to

increase the quantity and quality of saffron extraction. Several common techniques,

namely stirring, supercritical carbon dioxide (SC-CO2) and ultrasound-assisted ex-

traction (UAE), are used to extract the main constituents of saffron. However, for the

extraction of saffron aroma compounds such as safranal, polyphenols, anthocyanins,

kaempfrol and its derivatives (flavones), techniques and equipment such as steam

distillation (SD), Vacuum headspace method (VHS), ultrasound-assisted extraction

(UAE), solvent-assisted aroma evaporation (SAFE), supercritical carbon dioxide ex-

traction (SC-CO2) and microwave-assisted extraction (MAE) are used [12, 15, 37, 47,

54, 80, 89, 98–109].

In saffron extraction, the leaching technique with continuous stirring on a magnetic

stirrer is more popular and effective to achieve acceptable extract amount. For this

reason, the stirring method with suitable solvents has been studied in more details

in the literatures. Jose Luis Iborra used a number of different solvents such as ace-

tone, acetonitrile, diethyl ether, isopropanol, methanol, ethanol, ethanol-water (50%),

methanol-water (80:20) and water for the extraction of saffron ingredients. In this

study, 10 mg of saffron powder was mixed with 1 ml of the above mentioned solvents

and shaken for 1 hour at room temperature and in a dark place. The remaining wet

powder was separated and extracted two more times. At the end, the extracts were

combined, filtered, freeze-dried and stored at -20 °C. The polar solvents such as wa-

ter and ethanol-water (50%) showed more power and capacity for the extraction of

saffron components [47, 51]. In another study, 100 mg of ground saffron was added

to ethanol-water (80:20) and centrifuged at 5000 rpm for 10 minutes. The procedure

was repeated three times; then the supernatants were separated and analyzed. The
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total weight percentage of saffron components was 20.07% [82].

Like the other plants, saffron has some nonpolar compounds. In an interesting study,

50 mg of saffron powder was defatted and pre-extracted with dichloromethane (DCM)

in Soxhlet apparatus for 12 hours. The remaining powder was added in 400 ml ethanol-

water and mixed with a high-speed mixer (9500 rpm) for 4 minutes. The procedure

was repeated three times. The saffron extract was concentrated in a rotary evaporator

(at 40 °C) and dried in a freeze dryer [15]. In another study, Sánchez used cyclohexane

to reduce the co-extraction of non-polar components [23, 53]. Due to the presence

of sugary structures (gentiobiosyl and glucosyl) in picrocrocin and crocines, they are

highly soluble in polar solvents, especially in water and ethanol, which was observed

in all literatures.

Due to the use of large amounts of solvents and the lengthy extraction time, the

reported extraction methods are not yet economical enough for the recovery and pu-

rification of picrocrocin and crocins. Thus, saffron has a great potential in terms

of extraction and purification that has not yet been fully exploited. Therefore, this

raises an open question: are there developed batch and continuous extraction pro-

cedures to achieve the reproducible and acceptable productivity of saffron’s valuable

constituents?

1.6.2 Chromatography

The crude extract of a plant or the chemical synthesis of a desired product usually

contains impurities or by-products. Therefore, separation and purification problems

must also be solved in addition to optimizing the extraction and/or reaction condi-

tions. A number of methods known from thermal process engineering are available,

one possible separation method, usually expensive, is chromatography. Chromatog-

raphy is a separation technique for separating a mixture into its components. The

origin of chromatography and the first experimental work can be traced back to Tswett

(1906). The name is borrowed from the Greek word chromos (color). Chromatogra-

phy is a separation process in which the components of a mixture are divided into two

phases, the mobile phase and the stationary phase. Unequal distribution equilibria

are the driving force for separation. There are a variety of chromatographic methods

depending on the nature of the stationary and mobile phases. Adsorption chromatog-

raphy is the most widely used chromatographic method (about 80%), using relatively

small and nonionic solid particles as the stationary phase. Isolation and purification

of saffron components is usually performed by analytical or preparative adsorption

chromatography. Chromatography aimed at obtaining ”pure substances” is referred

to as industrial or preparative chromatography [110, 111].

S.Z. Bathaie and et.al were able to separate and purify the components of Iranian

saffron by adsorption column chromatography. All the constituents were isolated and
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analyzed using a reversed phase HPLC column (C18). Crocin and picrocrocin were

purified using a classical glass column (2×80cm) packed with alumina 90-active as

stationary phase. Jose Luis separated and purified metabolites of saffron by analyt-

ical and preparative TLC on alumina in the same study. Quantitative analysis was

performed on a C18 HPLC column. The purified picrocrocin and crocin had yields

of 88% and 70% with purities of 98% and 70%, respectively [14, 51]. Other studies

show that crocin I can also be obtained by the fast centrifugal partition chromatog-

raphy (FCPC) technique. In the FCPC technique, the upper phase of hexane:ethyl

acetate:ethanol:water (1:8:4:7) served as the mobile phase and the lower phase as the

stationary phase. The yield of crocin I obtained was 48% (Eq. 2.103) (based on saffron

extract) [15].

In summary, the isolation and characterization of the saffron components by high

performance liquid chromatography is well known and common. Nevertheless, the

number of studies on the purification of the valuable components of saffron is not

very much. On the other hand, the purified picrocrocin and crocin(s) are extremely

expensive and very important for related industries, which means that there is still

a great potential for the purification of the valuable ingredients of saffron that has

not been very well exploited until now. In this study, analytical and large-scale,

low-cost preparative chromatographic techniques are used to separate and purify the

components of saffron extract, namely crocin I, crocin II and picrocrocin.

1.6.3 Crystallization

Crystallization is a process of solid formation in which molecules and atoms are ar-

ranged in a regular structure called a crystal. Crystallization is also a separation and

purification technique in which a mass transfer of a dissolved target molecule occurs

from the liquid phase to the almost pure crystalline phase. Some of the methods of

crystal formation are freezing, precipitation from a solution, and very rarely precipi-

tation directly from a gas. The properties of a crystal depend on some factors such

as temperature, atmospheric pressure and time of liquid evaporation. Crystallization

occurs in two main steps, nucleation and crystal growth. Nucleation refers to the

formation of a crystalline phase from a supersaturated solvent or supercooled liquid;

crystal growth refers to the increase in size of the small crystals formed, leading to

a crystal state. Montalvo-Hernández B. applied the crystallization technique to sep-

arate and purify crocines from an ethanolic (80%) saffron extract. It is clear that

temperature plays a very important role in the crystallization process and has an ef-

fective influence on the purity and yield of a crystal obtained. After testing different

temperatures, the results show that at temperatures lower than -5 °C, the two steps

of nucleation and crystal growth are faster, resulting in lower purity and quality of

the product. On the other hand, higher temperatures lead to slower crystallization

with lower yield. The reason of this kind of behavior back to the high solubility of
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these polar carotenoids. The analysis shows that pure crystals are formed at -5 °C;
therefore, this temperature was considered to be the optimum temperature for the

crystallization of crocins. Crystallization of crocins at this temperature was performed

twice. In the first crystallization, the purity was 85% and the amount of crocin ob-

tained was 17% of the stigma powder. To increase the purity of the obtained crystals,

they were washed with acetone and dissolved again in 80% ethanol solution for the

second crystallization (recrystallization). After recrystallization, the purity and yield

of the obtained crystals of the total crocins were 97% and 10%, respectively [12].

The crystallization method is not able to purify each crocin individually with high

yield. Hence, this method was not an option for us and is not further discussed.

1.7 Structure of Thesis

The following structure was chosen for the thesis in order to achieve the goal stated

in section 1.1.

Chapter 1: This chapter is about all the details of Crocus Sativus L. (saffron). Saffron

is the most expensive spice in the world and its name comes from Persian word

Zarparan, which literally means ”golden leaves”. The production of high quality

saffron begins with the agricultural aspects such as climate, soil conditions, harvest

and post-harvest (drying and storage). Each saffron flower has three red stigmas.

After the stigmas are harvested and dried, they become saffron spice. Saffron stigmas

contain three main categories of constituents, namely picrocrocin, apocarotenoids

(crocins) and safranal, which are responsible for the flavor, color and fragrance of

saffron, respectively. Saffron and its valuable ingredients are used in the food, cosmetic

and pharmaceutical industries. In recent years, researchers have become increasingly

interested in the effects of the ingredients of saffron namely picrocrocin and crocins as

the antidepressant, antioxidant and anti-cancer agents. Therefore, efforts to separate

and purify these compounds by techniques such as extraction and chromatography

have increased. However, the reported separation techniques are not yet economical

enough to provide picrocrocin, crocin I and II on a large scale.

Chapter 2: In this chapter, the theoretical background of separation techniques such

as extraction and chromatography is explained. These techniques follow a general

structure, (a) principle and fundamentals, (b) process variations, and (c) modeling.

In the Principle and Fundamentals sections, the key thermodynamic and kinetic pa-

rameters for each separation technique are well-defined. In the Process variants and

Modeling sections, the theoretical background of the key experiments, methods and

procedures, mass balance equations, and subsequently formulated mathematical solu-

tions for each separation process are clarified. Finally, the performance criteria such

as productivity, recovery yield and purity for each separation process are defined and
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formulated.

Chapter 3: This chapter contains the experimental program and is divided into three

main sections, namely preliminary experiments, solid-liquid extraction, and solid-

liquid chromatography. At the beginning, some general preliminary experiments are

performed. The preliminary experiments concern the stability of the components

picrocrocin, crocin I and crocin II in different compositions of aqueous ethanol solu-

tions, LC/MS analyzes of the mentioned components and the preparation of calibra-

tion curves for the quantitative analysis of the unknown concentrations are explained.

The solid-liquid extraction section also includes preliminary experiments as a prereq-

uisite for the main extraction experiments. These include pre-extraction of saffron

powder by Soxhlet to remove some unwanted compounds from the saffron, exhaustive

extraction to determine the initial concentration of picrocrocin, crocin I and crocin II

in the treated saffron powder, determination of kinetic and equilibrium states to find

the right time for the main extraction experiments. Then, the planned closed single

batch extraction (single batch), the extraction in several successive batches (Multi-

ple sequential batches) and the continuous counter-current extraction operation are

explained.

The last part of this chapter deals with the solid-liquid chromatography, which also

starts with some preliminary experiments, including sample preparation as the chro-

matography feed, packing of the preparative column by dynamic axial compression

(DAC) technique, and investigation of retention times and efficiency of the packed

preparative column. In the next section, the main experiments are investigated. At

first, the effects of different volume fractions of the modifier (ethanol), under isocratic

elutions, on the retention times of picrocrocin, crocin I and crocin II, on an ana-

lytical C18 column, and the column efficiency are investigated. In other words, the

analytical-scale isocratic elution experiments are used to study the effects of different

volume fractions of the modifier on the Henry constant (isothermal linear equilibrium

parameter) of picrocrocin, crocin I and crocin II. The Henry constants of the com-

ponents are used to develope a three-step gradient elution that increases throughput,

reduces cycle time, and maximizes productivity while maintaining acceptable product

purity and recovery yield of the target components. In the end, the developed three-

step gradient elution method is scaled-up to the peparative chromatography-based

purification.

Chapter 4: This chapter contains the experimental results, interpretation and discus-

sion. In the first section, the results of the general preliminary experiments including

the highest stability of the components in 80% (vol%) ethanol aqueous solution , the

retention times and the mass analysis of picrocrocin, crocin I and crocin II by LC

/MS analysis, and calibration curves are presented. The second section deals with

the solid-liquid extraction results. The results of the preliminary experiments showed

that almost 50% of the treated saffron contains picrocrocin, crocin I and crocin II, and
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that the equilibrium state of all components in a solid-liquid batch extraction process

is reached in 15 minutes. Knowledge of the initial concentration of the components

and their equilibrium time in a batch extraction process formed a favorable condition

for conducting experiments on extraction in a closed single batch process and in sev-

eral successive batches (multiple sequential batches) to estimate the thermodynamic

and kinetic parameters of each component. These parameters were used in modeling

the continuous counter-current extraction process. In the continuous counter-current

extraction model, the influence of parameters such as thermodynamic and kinetic

parameters, number of stages, phase ratio, and the residence time on the outlet con-

centration of components from a continuous countercurrent column is studied and a

wide range for each of these parameters is investigated. It is worth mentioning that

the continuous counter-current model can be reduced to a batch model. Therefore,

the results of the parameter study can also be applied to the batch scale. At the end,

the productivity and recovery yield of the counter-current process were higher thean

the batch extraction process.

The fourth section is located to solid-liquid chromatography. This section begins

with the thermodynamic parameters and/or Henry’s constant of each constituent ob-

tained by isocratic elution of the constituents in various volume fractions of modifier

(ethanol) between 0.05 and 0.5 (volume/total volume). Then, the kinetic parameter

and/or the number of theoretical plates and subsequently HETP of each associated

peak are estimated. The parameters of Henry’s constant and the number of the-

oretical plates are used in the process modeling of the three-step gradient elution.

The developed three-step gradient elution was performed several times on an analyt-

ical C18 column. The retention times of the separated components agreed well with

the predicted times, and the separation profile was repeatable. Before transferring

the three-step gradient elution to a preparative column, the column efficiency of the

preparative packed column with uracil and a real sample of a saffron crude extract

was investigated. The peak shapes, retention times and separation profiles were quite

acceptable and repeatable. Finally, the preparative three-step gradient elution based

purification was implemented for the purification of picrocrocin, crocin I and crocin II.

The separation profiles in both analytical and preparative columns were repeatable.

The productivity, recovery yield, and purity were quite acceptable.
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Relevant Theoretical Background

of Separation Techniques Used

In this chapter, the theoretical background of the two main separation methods,

namely extraction and chromatography is reviewed. There are several techniques for

each of these methods.

In extraction, one of the known procedures is solid-liquid extraction and/or leaching.

In this process, the components are extracted from the raw material, called the solid

phase, by a suitable extraction solvent, called the liquid phase. The selection of solvent

depends on the polarity of the component(s) to be extracted. The distribution of a

solute between two phases is called the equilibrium condition, which is based on the

theory of how solutes move from the starting material to the extract solution (partition

theory) [1, 97, 112, 113].

The crude extract of a plant usually contains some impurities. Therefore, not only ex-

traction conditions must be optimized, but also separation and purification problems

must be solved.

One of the most reliable separation and purification techniques is adsorption chro-

matography. Adsorption chromatography is a separation technique in which the com-

pounds of a mixture distribute between stationary and mobile phases. An unbalanced

distribution equilibrium and different migration rates are the driving forces for the

separation of the components. In the end, the analytical separation method is scaled

up to preparative chromatography for the purification target [97, 111, 114–118].

19



Chapter 2 Theoretical Background of Different Separation Techniques

2.1 Solid-Liquid Extraction

2.1.1 Principle

The extraction method used in this study is known as the solvent extraction method.

The principles of this method are very simple. In this method, the target molecule(s)

is dissolved in a suitable solvent and then extracted from the plant. The process

is carried out in a specific time and at a specific temperature. This process is also

known as solid-liquid extraction (SLE). The main objectives of the extraction pro-

cess can be (a) high yield: the target molecules are almost completely extracted, (b)

high purity/selectivity: the final extract has a low content of unwanted co-extracted

components, (c) high sensitivity: the obtained extract can be used for various quan-

tification analysis methods that produce accurate calibration curves, (d) low limit

of detection: the compounds of a crude extract are detected and quantified in low

amounts [1, 97, 112]. Depending on the process scale, each of these goals is em-

phasized. For example, in the analytical scale, limit of detection, sensitivity, and

selectivity are the most important goals. However, in semi-preparative, preparative

and industrial separation, the purity and yield are the most important properties [1,

97, 112].

Extraction is a mass transfer process of a target molecule(s) from one phase to another.

The extraction mechanism of a target molecule(s) from a solid matrix (plant) involves

five steps (Figure 2.1) [1, 97, 112, 113]:

(a) Transfer of the solvent from the liquid phase to the solid surface and its enclosure

(b) Diffusion of the solvent into the solid phase by molecular diffusion

(c) Desorption of the target molecule(s) from the solid matrix and dissolution into

the extraction solvent

(d) Penetration of the solution containing the target molecule(s) by molecular diffusion

through the solid phase to the solid surface

(e) Transfer of the solution from the solid surface to the main liquid phase by forced

or natural convection
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Figure 2.1: Schematic representation of the mechanism of the solid-liquid extraction
process [112]

In the SLE process, there are five major factors of action, namely the thermodynamics

and/or the duration of the process, the polarity of the solute and the solvent, the

temperature, the preparation of the solid, and the dosage (ratio of starting material

to solvent). These factors affect the solubility of the target molecules and the yield

of the extraction process. Understanding them can help control and improve the

efficiency of the process [1, 97, 112, 113].

Between these factors, the thermodynamic and subsequently the kinetic parameters,

as well as the polarity of the solute and the solvent, are inherent and cannot be

changed in the given condition. In an extraction process, thermodynamics is known

as process duration. It is a valuable piece of information to know how long to stir

the solvent and the solute (solid). To find the right extraction time, we need to

find the partition coefficient, known as the thermodynamic parameter, and then the

equilibrium time of each molecule between two phases. This valuable information is

obtained through concentration analysis experiments [1, 97, 112, 113].

The polarity of solute and solvent, which means the effectiveness/compatibility of a

solvent to dissolve a target molecule (solute), depends on the polarity of the solute,

the polarity of the solvent, and the solubility of the solute. Polarity is a chemical

property in which the opposite directions of a molecule or its chemical groups have

a positively charged end and a negatively charged end. A molecule can be polar,

slightly polar, or nonpolar. Polar solvents can dissolve polar compounds and nonpolar

solvents can dissolve nonpolar compounds. This process is commonly known as the

”like dissolves like” principle. A common example of this principle is the dissolution
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of sugar as a polar compound in water as a polar solvent. In the structure of the

main components of saffron (picrocrocin and crocins), there are sugar units, namely

gentiobiosyl and glucosyl. The presence of sugar structures has led to the polarization

of these compounds. Therefore, the polarity of the solvent plays a very important

role here, which means that non-polar solvents are not suitable for the extraction of

the main constituents of saffron. To extract picrocrocin and crocins with high yield

and reasonable productivity, polar solvents such as water, ethanol or a composition

thereof should be used [1, 97, 112, 113].

Other factors are not inherent and can be changed. For instance, temperature affects

the solubility of a target molecule(s). An increase in temperature results in a signifi-

cant increase in the solubility of a solute. We can again use the example of sugar. At

room temperature, sugar is soluble in water until the solution is completely saturated;

however, in warm and/or hot water, the solubility of sugar increases significantly and

more sugar dissolves in it. However, the use of high temperatures is not always ben-

eficial. Some compounds are degradable at high temperatures. The extraction of

the main compounds of saffron is performed very well at room temperature. On the

other hand, picrocrocin is degradable to safranal at high temperatures. Therefore,

extraction at room temperature is a reasonable choice [1, 97, 112, 113].

Preparation of the solid is another important factor that can affect the yield of the

extraction process. The solid phase of an SLE procedure may consist of dried or

fresh, whole or powdered samples. The smaller particle size creates a larger contact

area between the solid and liquid phases, which creates favorable conditions for mass

transfer of target molecules. Therefore, dried powder samples are usually preferred

over fresh whole samples [1, 97, 112, 113].

The next modifiable important factor is dosage (phase ratio), i.e., the mass and/or

volume ratio between the solid phase (S) and the liquid phase (L). The performance

of an extraction process increases the higher the feed to solvent ratio. A low dosage

means a large amount of solvent, which consumes more energy to remove the solvent.

Therefore, the dosage should be as high as possible without compromising the desired

yield of the process. In a batch extraction, a low dosage is usually used, while in a

continuous extraction, a high dosage is usually used [1, 97, 112, 113].

It should be noted that other factors such as solid phase particle size, process type

(batch or continuous), and flow rate (”rotation rate” for batch extraction and ”flow

rate” for continuous counter-current extraction) are other important parameters. All

mentioned factors play an important role and should be considered in the extraction

process [1, 97, 112, 113].
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2.1.2 Phase Equilibrium

In a closed single batch extraction process, the distribution of a constituent be-

tween two immiscible phases occurs when the constituent can pass from one phase to

another. After a certain time, the extraction state changes to the equilibrium state

(t → ∞(eq)), which means the mass amount of component i in solid phase is in

equilibrium with the mass amount of component i in liquid phase [1, 97, 111, 112]:

Mass amount of i in solid phase ↔ Mass amount of i in liquid phase (2.1)

Or

mi,S ↔ mi,L (2.2)

Absolute mass definitions lead to the mass fraction of component i in both phases:

xi,L =
mi,L

mL

(2.3)

xi,S =
mi,S

mS

(2.4)

and the relative mass definitions (per volume) lead to the concentration of component

i in both phases (c and q):

ci = ci(xi,L, xi,S, ρL) (2.5)

qi = qi(xi,L, xi,S, ρS) (2.6)

Therefore, according to the density of liquid and solid phases (ρL and ρS) the concen-

tration (per volume) of component i in both phases are:

ci =
mi,L

VL

(2.7)

qi =
mi,S

VS

(2.8)

Here mi,L, mL, VL, mi,S, mS and VS are the mass of component i in the liquid phase,

mass of liquid phase, the volume of liquid phase, the mass of component i in the solid

phase, mass of solid phase, and the volume of solid phase, respectively. Hereby the

two volume fractions of the total volume Vtot can be defined as the volume fraction of
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the liquid phase:

εL = ε =
VL

VL + VS

=
VL

Vtot

(2.9)

It should be mentioned that VL refers to the volume of the external liquid phase, and

VS comes from balk density of the saffron powder. Consequently the volume fraction

of the solid phase:

εS = 1− εL = 1− ε (2.10)

Volume fractions of the solid and liquid phases can be used in the phase ratio defini-

tion:

F =
1− ε

ε
(2.11)

This phase ratio is a volume base dosage of solid phase to the liquid phase. Other

definition of dosage (DS) in the extraction process is the ratio of the mass of the solid

phase (mS(ε, ρS)) to the volume of the liquid phase. In addition to ε, we will use

below also a dosage of the solid phase defined as:

DS =
mS

VL

(2.12)

For the other equations, we follow the volume-based concentrations (equations 2.7

and 2.8). Before presenting the mass balance equations, we define the equilibrium

situation, i.e. the compositions of the two phases which establish in a closed system

after infinite time (t = ∞(eq)). The equilibrium state is usually represented by

the extraction partition coefficient and/or the extraction distribution coefficient of

component i (Ki,E) as the thermodynamic parameter. The partition coefficient and

the duration of the process are important factors. The time of an extraction process

is over when the concentration equilibrium state between two phases is established.

On the other word, the mass transfer process starts after the solid and liquid phases

are mixed and continues until the equilibrium state is reached (see figure 2.2). In the

equilibrium state, the extraction content is not increased and the time of the process is

over [1, 97, 111–113]. Under isothermal conditions, low concentration and subsequent

linear behavior, a linear equilibrium relation for component i, which is not influenced

by the possible presence of other components, holds:

Ki,E =
ceqi
qeqi

; i = 1, NC (2.13)
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The term of NC is the number of components.

Figure 2.2: Schematic representation of the partition coefficient between solid and
liquid phases. Inspired by the adsorption equilibrium experiments [114]

Usually, an equilibrium curve must be drawn to measure the extraction partition coef-

ficient (Ki,E). The concepts for drawing equilibrium curves are based on the concepts

for measuring adsorption isotherms. Various dynamic and classical static methods

are used to measure adsorption isotherms. For example, in the static methods, no

analysis of the concentration-time curve is performed, but only information and data

from the equilibrium state are used [97, 114, 119].

The extraction process is a kind of adsorption process. Therefore, the concepts of ad-

sorption isotherms can be generalized to the extraction process. Based on the concepts

of adsorption isotherms, the extraction partition coefficient of a target molecule can

also be determined by analyzing the equilibrium concentration of that target molecule

at a fixed temperature (static method). Analysis of the equilibrium concentration of

a component at different dosages (mS/VL or VS/VL) at an ambient temperature yields

an equilibrium curve and/or equilibrium line whose slope indicates the partition co-

efficient (see Figure 4.5) [114]. However, due to some sources of error in extraction

experiments, the slope of an equilibrium curve alone is not sufficient. To obtain a
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reliable Ki,E value, these errors are taken into account in the Weighted Least Squares

equation WLS (Eq. 4.1) [97, 114].

2.1.3 Kinetics

In a closed single-batch extraction process, the dissolution rate of a target -

molecule(s) in the liquid phase is controlled by the resistance of the mass transfer

rate (kinetics) of the solute moving from the solid phase into the solvent. The mass

transfer rate is typically finite. Kinetic parameters affect the speed of an extraction

process; therefore, proper understanding of these parameters helps us optimize the

overall time and speed of an extraction process. For each extraction process, there is

a kinetic curve indicating that the mass transfer rate is not constant. The extraction

kinetic curves generally contain three regions: a constant extraction rate (CER) ,

falling extraction rate (FER), and a diffusion controlled (DC) regions [97, 112]:

Figure 2.3: Schematic illustration of a kinetic curve during the extraction of a natural
product. Inspired by [97, 112]

In the CER part, the readily available solutes surrounding the solid particles (see

components 1 and 2 in Figure 2.4) are extracted at a nearly constant rate. The pri-

mary mechanism for mass transfer is convection. During CER part, a stagnant film

surrounds the solid particles, which is the primary cause of mass transfer resistance.

Therefore, the performance of the process is improved by creating turbulence (agita-

tion or stirring). In the FER part, some fractures become visible in the surface layer

of the solute covering the solid particles; thus, mass transfer resistance begins at the
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solid-liquid interface. In this part, due to the reduction of the effective mass transfer

area, the extraction rate decreases rapidly, and the diffusion mechanism becomes im-

portant. In this transition state, mass transfer resistance is present in both the liquid

and solid phases, and both diffusion and convection mechanisms are important. In

the DC part, the target molecules are depleted from the easily accessible solute layer.

Therefore, the extraction rate depends on the diffusion rate of the liquid into the solid

phase and the diffusion rate of the liquid and target molecule(s) from the solid phase

into the liquid mass. This mechanism leads to a slow phase of the extraction process.

Figure 2.4: Schematic representation of a natural matrix and the possible locations
where the target molecule(s) can be found. Inspired by [112]

It is worth noting that in some cases the target molecule(s) is not easily accessible

and interacts with other compounds such as carbohydrates, lipids and proteins in

the solid particle. In this case, prior to the establishment of new intermolecular

interactions between target molecule(s) and solvent, the intermolecular interactions

between solutes must be broken. This bond between the compounds and the raw

matrix can be broken by supplying sufficient energy. Therefore, the amount of energy

consumed affects the efficiency of the extraction process [97, 112]. These cases show

that the properties of the raw material can play an important role in the extraction

of certain categories of compounds.

The kinetic part of an extraction process is divided into the dynamic part, the CER-

and the FER-part. The equation for estimating the effective kinetic parameter, keff
i ,

27



Chapter 2 Theoretical Background of Different Separation Techniques

can be obtained by solving the mass balance of a target molecule(s) in the dynamic

region (0 < t < ∞(eq)) of a batch extraction process [97, 112]. The differential mass

balance of a component i present in a mixture of NC other components, for the liquid

and solid phases present in the volume with their fractions ε and (1− ε) are:

VL
dci
dt

= εVtot
dci
dt

= dṁi,E (2.14)

VS
dqi
dt

= (1− ε)Vtot
dqi
dt

= −dṁi,E (2.15)

In these equations ṁi,E is the extraction mass transfer rate of component i, which

stands for the exchange term (Eq. 2.13). To solve the above two ODE we need to

provide a rate law quantifying the extraction kinetics. We use below the following

simplified first order linear driving force (LDF) model [97, 120]:

dṁi,E = ki,EĀ (qi − qeqi (ceqi )) (2.16)

The phrases ki,E and Ā are kinetic phrase of component i in liquid and solid phases,

and identical interface area between two phases, respectively. Introduction of Eq. 2.13

into the Eq. 2.16:

dṁi,E = ki,EĀ

(
qi −

ci
Ki,E

)
(2.17)

Since the liquid phase is the source of the adsorbing components, we consider the

driving force of the liquid phase to solve the equation 2.14. Substituting Eq 2.17 into

the equation 2.14 and dividing by the volume of the liquid phase, we get:

dci
dt

=
1

ε

ki,EĀ

Vtot

(
qi −

ci
Ki,E

)
(2.18)

The expression Ā/Vtot is a constant volume-specific interface area, which is not easy

to determine. For this reason, lumping Ā/Vtot and ki,E into the effective kinetic rate

constant of component i (keff
i [1/time]) provides:

dci
dt

=
1

ε
keff
i

(
qi −

ci
Ki,E

)
(2.19)

To solve this equation, we need to replace qi with the mass balance for the solid phase.

Instead of solving the second mass balance for the solid phase, we can also use the

total mass balance, which reads:

VL

(
ci(t)− c0i

)
+ VS

(
qi(t)− q0i

)
= 0 (2.20)
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Here c0i and q0i are the concentration (g/l) of component i in the liquid phase at time

zero, which is zero in a single-batch extraction process, and starting concentration

(g/l) of component i in solid phase, which is never zero:

c0i = 0 (2.21)

q0i ̸= 0 (2.22)

The equation 2.20 can be rearranged as follows:

qi(t) = q0i −
ε

1− ε

(
ci(t)− c0i

)
(2.23)

Inserting Eq. 2.23 into the Eq. 2.19 provides the following simple first order linear

ODE for ci(t):

dci
dt

=
keff
i

ε

(
q0i −

ε

1− ε

(
ci − c0i

)
− ci

Ki,E

)
(2.24)

Further rearrangement provides:

dci
dt

=
keff
i

ε

(
q0i +

ε

1− ε
c0i

)
− keff

i

ε

(
ε

1− ε
+

1

Ki,E

)
ci (2.25)

This equation can be simplified by using a general and linear expression, i.e.:

dy

dx
= α + βy (2.26)

Solving the above equation with the following well-known solution for y(x = 0) = y0

leads to:

y(x) =
α

β

(
eβx − 1

)
+ y0e

βx = −α

β
+

(
y0 +

α

β

)
eβx (2.27)

The phrases α and β for component i applies:

αi =
keff
i

ε

(
q0i +

ε

1− ε
c0i

)
(2.28)

βi = −keff
i

ε

(
ε

1− ε
+

1

Ki,E

)
(2.29)

The back substitution of αi, βi, y = ci(t), y0 = c0i , and x = t into the Eq. 2.27 leads

to:
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ci(t) =
q0i +

ε
1−ε

c0i
ε

1−ε
+ 1

Ki,E

+

(
c0i −

q0i +
ε

1−ε
c0i

ε
1−ε

+ 1
Ki,E

)
e
−

k
eff
i
ε

(
ε

1−ε
+ 1

Ki,E

)
t

(2.30)

Therefore, the concentration of component i in the solid phase at time t will obtain

by Eq. 2.23:

qi(t) = q0i −
ε

1− ε

(
q0i +

ε
1−ε

c0i
ε

1−ε
+ 1

Ki,E

+

(
c0i −

q0i +
ε

1−ε
c0i

ε
1−ε

+ 1
Ki,E

)
e
−

k
eff
i
ε

(
ε

1−ε
+ 1

Ki,E

)
t
− c0i

)
(2.31)

This general equation (Eq. 2.30) is used to calculate the concentration of compound

i in the liquid phase at different times and different effective kinetic coefficients. By

fitting the experimentally determined concentration-time curve (Figure 4.4) to the

calculated concentration-time curves (see figure 4.9), the effective kinetic coefficient

keff
i is estimated (Table 4.7). For infinite time (t → ∞) this solution provides:

ceqi = −α

β
=

q0i +
ε

1−ε
c0i

ε
1−ε

+ 1
Ki,E

(2.32)

Using the general mass balance equation (Eq. 2.23) and Eq. 2.32, the concentration

of component i in the solid phase at the equilibrium time qeqi is obtained as follows:

qeqi = q0i −
ε

1− ε

(
q0i +

ε
1−ε

c0i
ε

1−ε
+ 1

Ki,E

− c0i

)
(2.33)

This result is in agreement with the linear equilibrium function, Eq. 2.13. Last but

not least, the important parameters in Eq. 2.30 are partition coefficient (Ki,E), effec-

tive kinetic rate constant (keff
i ), and epsilon (ε) as an operating parameter. These

parameters play a key role in the modeling of continuous steady-state countercurrent

operation in section 2.1.4.1.

2.1.4 Process Variants

There are many options to contact a solid and a liquid phase in order to perform

an extraction process. Two important variants are (a) batch operation (as already

discussed in the above section and quantitatively described with a simple rate model),

and (b) continuous operation. There are numerous further options for continuous

operation. Classifications include [1, 97, 111, 112, 114, 121]:

a) Mixed systems vs. not mixed systems. It is well known and has been studied in par-

ticular in chemical reaction engineering (CRE) that in case of reactions characterized

by positive reaction orders stirring is less favorable than a flow arrangement.
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b) A cascade of well-mixed units (designated in CRE as a cascade of CSTR) is better

than a single well-mixed CSTR.

c) When we evaluate a cascade of more than one CSTR, a counter-current procedure

is always better than a co-current procedure. The reason is that the equilibrium limits

can be exceeded by transporting the phases in different directions. The more stages

that can be used (see figure 2.6), the higher the efficiency of the extraction process,

i.e., the higher the final extract concentration and the lower the loss at the solid phase

outlet.

These transports in option (c) can be derived in a rigorous manner by deriving and an-

alyzing the mass balance equations for the specific mode mentioned (counter-current

mode). This is done in more detail in the companion dissertation by M.Sc. Giang

Truong Vu (Experimental investigation and modeling of extracting natural products

from plants: from batch to continuous processes, 2023).

In the following section, we will present and evaluate the most flexible model based on

the assumption of rate-limited extraction processes in a cascade of N-CSTR operated

under steady-state conditions. In the next section, we will summarize the key equa-

tions of this model and illustrate its potential using the results of selected parametric

calculations.

2.1.5 Model to Describe Counter-Current Steady State Op-

eration in a Cascade of N Stages

The design of a continuous counter-current extraction process requires some essential

steps, such as the selection of the extraction system and the most suitable process

concepts for the scale-up from batch to continuous processes. Predictions based on nu-

merical simulations and approximations can significantly reduce the time and material

required for the analysis and optimization of the process. Validated process models

are typically used to determine appropriate operating parameters and optimal pro-

cess design. In an important categorization of models, two types are distinguished.

In one type, the entire column is considered as a series connection of a certain num-

ber of discretized parts of the column (stages or cells) (Craig model, 1940s). In the

other type, continuous formulations are used to characterize the time-dependent local

concentration profiles (Martin and Synge, 1941). Equilibrium stage models are

often considered in the discrete stage models of chromatography. Therefore, the so-

lution requires knowledge of the equilibrium functions. Martin and Synge (1941)

presented a very successful equilibrium stage model that represents a column as a

series connection of cells (stages) through which a continuous flow of liquid at a fixed

flow rate and in which the solid and liquid phases are constantly in equilibrium [97,

111]. The principles of Martin and Synge’s model can also be applied to continuous

multistage counter-current extraction (CC) of solids and liquids. In this process, the
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liquid and solid phases move in opposite directions in a counter-current column at a

given flow rate [112]. The main goal of the CC process is to achieve high productivity

and recovery yield of the extracted target molecules. Factors such as flow velocity and

temperature can affect the yield and kinetics of this process [1, 97]. In this process,

there are several theoretical stages ,j = 1, N , within the counter-current column, like

a discretized lattice (see figure 2.5).

Figure 2.5: Upper figure: Conceptual design of continuous counter-current extractor
using a screw type of apparatus (from Giang Truong Vu’s thesis, 2023). Bottom
figure: Schematic representation of the discretized counter-current extraction process
structured into N well mixed stages

Each stage has a volume equal to Vj,tot = Vtot/N occupied by the volume fraction of

the liquid phase (ε) and the volume fraction of the solid phase (1 − ε). The volume

of air is assumed to be zero. This leads to a mass balance of component i and stage

j, with the total accumulation balanced by the inequality between the input current

of stage j − 1 and the output current. Following the thesis of our collaborator M.Sc.

Giang Truong Vu, 2023, who has worked on the batch and continuous extraction of

Artemisisnin, it is convenient to introduce the following definitions, which allow to

use the corresponding solutions:

c̃i = ciε (2.34)

q̃i = qi (1− ε) (2.35)

The above tilde parameters are pseudo-homogeneous phase concentration definition.

It is a new concentration after mixing and using the total volume (as a base). The

concentrations c̃i and q̃i will always be smaller than those of the separated phases are.

After splitting, all the material should return to this smaller volume, which means

that the concentrations will increase again. However, to mix them, we can calculate
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c̃i and q̃i for simplicity. Therefore, the use of epsilon to tilde equilibrium and rate

parameters leads to the following equations:

K̃i,E =
ε

1− ε
Ki,E (2.36)

k̃eff
i =

keff
i

1− ε
(2.37)

This allows for example for a batch system to substitute Eq. 2.19 by:

dc̃i
dt

= k̃eff,i

(
q̃i −

c̃i

K̃E,i

)
(2.38)

Furthermore, the total balance can be changed into:

q̃i(t) = q̃0i + c̃0i − c̃i(t) (2.39)

Hence, the solution for the time dependency of the liquid phase concentration is:

c̃i(t) =
K̃i,E

1 + K̃i,E

(
q̃0i + c̃0i

)
−

(
K̃i,E

1 + K̃i,E

q̃0i −
1

1 + K̃i,E

c̃0i

)
e
−
(
1+ 1

K̃i,E

)
k̃effi t

(2.40)

This agrees with equation 2.30 after division by ε. This approach pays off especially in

the formulation of the set of equations describing the steady-state counter-current

operation in a cascade of N equally sized CSTRs with total volume Vtot. The flow

rates of the liquid and solid phases through this cascade are V̇L and V̇S, respectively.

This allows to define an important operating parameter, namely the total residence

time in the cascade:

τ =
Vtot

V̇tot

=
Vtot

V̇L + V̇S

(2.41)

The total residence time of the process τ is a degree of freedom. The modeling

approach is illustrated in figure 2.6, where there is a constant change between a

pseudo-homogeneous situation, in which extraction occurs, and a 2-phase situation,

in which counter-current transport occurs between stages.
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Figure 2.6: Description of N-stage counter-current operation. The unknowns are the
concentration of component i in every stage. The most important unknowns are the
outlet concentrations of component i in the liquid phase at stage N , ci,N , and in the
solid phase at stage 1, qi,1 (Adapted from M.Sc. Giang Truong Vu’s thesis, 2023)

The discretized continuous counter-current column is constructed like a cascade of N

continuously stirred-tank reactors (N-CSTR), which is a matrix system of N Ordi-

nary Differential Equations (ODEs) with a linear partition coefficient. Numer-

ical solution of these differential equations yield predictions for this dimensionless

dynamic linear rate-limited extraction model [1, 97, 111, 120]. Classically, these

models are developed for homogeneous phase systems. The arrangement consisting

out of N connected stages (j = 1, N) is represented by the following mass balance

equations for the two phases (in total 2N linear equations):

0 = −A1c̃
in
i + c̃i,1(τ)− A2q̃i,2(τ) ; j = 1

0 = −(1− A1)c̃
in
i + q̃i,1(τ)− (1− A2)q̃i,2(τ) ; j = 1

0 = −A1c̃i,j−1(τ) + c̃i,j(τ)− A2q̃i,j+1(τ) ; j = 2, N − 1

0 = −(1− A1)c̃i,j−1(τ) + q̃i,j(τ)− (1− A2)q̃i,j+1(τ) ; j = 2, N − 1

0 = −A1c̃i,N−1(τ) + c̃i,N(τ)− A2q̃
in
i ; j = N

0 = −(1− A1)c̃i,N−1(τ) + q̃i,N(τ)− (1− A2)q̃
in
i ; j = N

(2.42)

This system of linear equations is used to distinguish between co-current and/or batch

operation (see Eq. 2.40) and counter-current operation for N-CSTRs (see Eq. 2.42)

and to prove mathematically that counter-current operation is better than co-current

operation. The comparison refers only to A1 and A2. The structure of this system of

equations (Eq. 2.42) is illustrated in matrix form (Figure 2.7):
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Figure 2.7: The matrix of system of equations (Eq. 2.42) describes the kinetically
controlled operation for N-CSTR counter-current extraction process (Adapted from
Giang Truong Vu’s thesis, 2023), ∗: Outlet liquid phase concentration of component
i (ci,N)

The two key parameters in these equations are A1 and A2 (equations 2.43 and 2.44),

which capture other essential parameters, such as the thermodynamics and kinetics

of the extraction process (via (K̃i,E) and (k̃eff
i )), the number of stages as a measure

of back-mixing (or deviations from plug flow behavior), and the design parameter τ .

Tau is an operator parameter because we can design the operation so that the flow

rates are high or low, or perhaps even one is fixed and the other is shifted.

A1 =

(
1 + N

k̃effi τ

)
1 + 1

K̃i,E
+ N

k̃effi τ

(2.43)

A2 =
1

1 + 1
K̃i,E

+ N

k̃effi τ

(2.44)

The dimensionless timescale parameter called Damköhler number (Dai = k̃eff
i × τ)

can also be replace in Eq. 2.43 and Eq. 2.44:
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A1 =

(
1 + N

k̃effi τ

)
1 + 1

K̃i,E
+ N

Dai

(2.45)

A2 =
1

1 + 1
K̃i,E

+ N
Dai

(2.46)

These equations contain essential parameters that can be used for counter-current

adsorption, counter-current chromatography, and counter-current extraction. Every-

thing is expressed as a function of Ki,E, k
eff
i , N , ε,and τ . These equations can be

solved numerically with any standard program for solving linear equations. Solving

these equations using the analytical linear solver, linsolve, provided by MATLAB,

gives the concentration of component i in the liquid and solid phases at stage j

(j = 1, N), c̃i,j and q̃i,j, over the residence time τ of the continuous counter-current

operation. It should be mentioned that these tilde terms, Loss and Gain, must be

transformed into absolute values by equations 2.34 and 2.35, if we want to use them

for the calculations of productivities and yields.

Special case: Equilibrium controlled counter-current operation for N-CSTR

Infinite effective extraction rate, keff
i , means that there is a permanent equilibrium

in each stage (implying that this is the model reduction), and it also means that τ is

infinite. This means that either the flow is so slow or the system is so large. Then we

have:

A1 = A2 =
1

1 + 1
K̃i,E

=
K̃i,E

K̃i,E + 1
(2.47)

This simplifies the structure of the problem. Now that one phase is expressed by the

other phase, we should not have two sets of equations (2N), but only one (N). The

new structure is illustrated in figure 2.8:
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Figure 2.8: The matrix of system of equations equilibrium controlled counter-current
operation for N-CSTR (special case) (Adapted from Giang Truong Vu’s thesis, 2023)

The corresponding equations are expressed via the equilibrium constant (K̃eq
i,E):

−
(
K̃eq

i,E + 1
)
c̃i,1(τ) + c̃i,2(τ) = −K̃eq

i,E c̃
in
i ; j = 1

K̃eq
i,E c̃i,j−1(τ)−

(
K̃eq

i,E + 1
)
c̃i,j(τ) + c̃i,j+1(τ) = 0 ; j = 2, N − 1

K̃eq
i,E c̃i,N−1(τ)−

(
K̃eq

i,E + 1
)
c̃i,N(τ) = −K̃eq

i,E q̃
in
i ; j = N

(2.48)

This tri-diagonal system of linear equations can be solved analytically using the

Kremser approach [122, 123]. Based on Giang’s thesis, the main results depend on N

stages, the equilibrium constant K̃eq
i,E and the quantity q̃ini :

q̃i,1 =

(
K̃eqN

i,E − 1

K̃eqN+1

i,E − 1

)
c̃ini +

(
K̃eq

i,E − 1

K̃eqN+1

i,E − 1

)
q̃ini (2.49)

c̃i,N =

(
K̃eq−1

i,E − 1

K̃eq−(N+1)

i,E − 1

)
c̃ini +

(
K̃eq−N

i,E − 1

K̃eq−(N+1)

i,E − 1

)
q̃ini (2.50)

For c̃ini = 0 and divided by q̃ini , the following measure of Loss and Gain (yield) is
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obtained:

Loss =
q̃i,1
q̃ini

=

(
K̃eq

i,E − 1

K̃eqN+1

i,E − 1

)
(2.51)

Gain(yield) =
c̃i,N
q̃ini

=

(
K̃eq−N

i,E − 1

K̃eq−(N+1)

i,E − 1

)
(2.52)

Last but not least, this result can be evaluated for the case when N goes to infinity

(N → ∞) and c̃ini = 0. Then the hypothetical ”ideal” extraction process results from

Eq. 2.50:

c̃max
i,N = q̃ini (2.53)

This is the Plug Flow Tank Reactor (PFTR) situation that never exists in reality. It

is merely a borderline case. Therefore, the maximum outgoing dimensioned concen-

tration of component i in the liquid phase will be as follow:

cmax
i,N =

qini × (1− ε)

ε
(2.54)

Hence, the normalization of the liquid phase concentration in the counter-current

process, ci,N , can be done based on the maximum outgoing concentration:

cnorm.
i,N =

ci,N
cmax
i,N

; [0, 1] (2.55)

Normalization of concentration leads to the same normalized productivity and nor-

malized recovery yield values:

cnorm.
i,N ≃ Prnorm.

i ≃ Y norm.
i (2.56)

At the end, following figure shows the effect of thermodynamic parameter K̃i,E, kinetic

parameter k̃eff
i , and number of stagesN on the outlet concentration of component i by

the model describes the kinetically controlled operation for N-CSTR counter-current

extraction process (by Eq. 2.42):
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Figure 2.9: The effect of thermodynamic parameter K̃i,E, kinetic parameter k̃eff
i , and

number of stages N on the outlet concentration of component i in the counter-current
process (Eq. 2.42)

It is clear that higher K̃i,E, k̃
eff
i , N leads to the higher outlet concentration of compo-

nent i in the liquid phase. The effect of kinetic parameter k̃eff
i shows that the higher

kinetic parameter has steeper starting slop (see figure 2.9), which is reasonable.

2.1.6 Final Processing of the Extractor Effluent

The crude extract contains a mixture of extracted components and therefore must

be separated. There are several ways to separate the target constituent(s) from the

mixture of ingredients in a crude extract. One would be liquid-liquid extraction

with a different solvent that may not be miscible with the extraction solvent, and

then taking the specific constituent(s) based on the octanol-water partition coefficient

[97]. The other could be solid phase extraction, where the crude extract solution

comes into contact with the solid phase (for example silica gel) and the solid then

brings selectivity [97, 114]. Another way is evaporation crystallization to evaporate

carefully to reach supersaturation, and then based on the different solubility of the

ingredients the separation is done step by step; and/or cooling crystallization by

plotting the solubility curve at different temperatures and find a meta-stable zone

for the crystallization of the target component [97, 124–126]. As explained in the

introductory chapter, the most common method for purifying the valuable ingredients

of saffron is solid-liquid chromatography. To perform and compare these processes in

a meaningful way, we need kinetic and thermodynamic parameters for each of them.

In this study, the separation technique of the solid-liquid chromatography for the

processing of crude extract is investigated.

Since the other separation methods mentioned are cheap and have very low yield, we

particularly focus on solid-liquid chromatography for the separation and purification

of picrocrocin, crocin I and crocin II from the crude extract solution. The chro-

matography technique is more powerful than other separation techniques because it

has a larger surface area on porous materials (stationary phase), resulting in clear

separation and purification with high yield and acceptable productivity [97, 111, 114,

119].
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2.2 Solid-Liquid Chromatography

Chromatography is a separation process used to isolate a mixture and separate it

into its components. Separations, including isolation, enrichment, purification, and

refining, are important to chemical engineers and chemists. Chemists use analytical

separation techniques, such as small-scale chromatographic separation, to recover and

purify chemicals. Chemical and process engineers are more interested in producing

chemicals or target molecules using cost-effective, large-scale separation processes that

can differ significantly from laboratory processes [97, 111, 114, 115, 121]. In this

study, analytical and large-scale preparative HPLC techniques are performed for the

separation and purification of the target constituents in saffron crude extract, namely

picrocrocin, crocin I, and crocin II.

2.2.1 Principle

As described in the section on analytical techniques, reversed-phase high-performance

liquid chromatography, RP −HPLC, is the most common separation technique for

isolating and purifying the components of saffron extract. Reversed-phase chromato-

graphy, RPC, also referred to as hydrophobic chromatography, includes all chromato-

graphic techniques that use a hydrophobic stationary phase [116, 119, 121].

In the 1970s, the most common liquid chromatography was performed with a station-

ary phase of unmodified silica or alumina resins. This chromatography technique is

now known as normal phase chromatography, NPC. Since the stationary phase in

this technique is hydrophilic, the hydrophilic molecules in the mobile phase have a

stronger affinity for it. However, the hydrophobic molecules have a lower adsorption

affinity for the hydrophilic column packing (stationary phase) and are therefore eluted

and detected first. The hydrophilic molecules adsorbed on the column packing are

desorbed toward the mobile phase by using a larger amount of polar or hydrophilic

solvent in the mobile phase.

In theRPC technique, the stationary phase particles (unmodified silica) are covalently

bonded to the alkyl chains to form a hydrophobic stationary phase. The RPC is

obviously the opposite of the NPC, since the polarity of the stationary and mobile

phases is reversed, which is why it is also called reverse phase chromatography. Thus,

the mobile phase of the RPC technique is a polar solvent. In the RPC technique, the

stationary phase has a high affinity for hydrophobic or less polar molecules [117, 121].

Therefore, the hydrophobic molecules adsorb to the hydrophobic stationary phase,

while the hydrophilic molecules elute first. Elution of the adsorbed hydrophobic

molecules from the column is accomplished using an organic modifier that reduces

the hydrophobic interactions. The more hydrophobic compounds bind more strongly

to the stationary phase, which means that a higher percentage of organic modifier

(organic solvent) is required to elute them. It should be noted that the organic solvent
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and water must be miscible. The commonly used organic modifiers are methanol ≤
acetonitrile < ethanol ∼ acetone ∼ dioxin < iso-propanol ≤ tetrahydrofuran [118].

In RPC technique, there are a variety of silica-based stationary phases, such as

C18 (octadecyl-carbon)-bonded silica, C8-bonded silica, phenyl-bonded silica, and

cyano-bonded silica. Depending on the polarity and nature of the interaction of the

molecules, one of the above stationary phases is selected. The most commonly used

RP column is the C18 column (Figure 2.10):

Figure 2.10: Schematic representation of a C18 column and chemical structure of the
C18 packing [117, 121]

As can be seen, the C18 packing is the octadecyl carbon chain bonded to silica . Silica

gel is amorphous silica, SiO2, with a very porous structure and contains siloxane

groups (- Si-O-Si-O -) and silanol groups (-Si- OH) (see figure 2.10). It should be

mentioned that not all C18 column packings have the same retention properties. On

the other hand, surface functionalization of the silica gel with short hydrocarbon

chains (monomeric or polymeric reaction) can occur after the primary binding step to

replace the remaining silanol groups (end-capping), resulting in the different retention

properties of C18 columns [117, 121].
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2.2.2 General Mass Balance of a Chromatographic Column

and Equilibrium Theory

In similarity to the two-phase counter-current extraction model used above, we formu-

late a model where just the liquid phase is moving. Furthermore, we take into account

that chromatographic processes are typically much more efficient than conventional

extraction processes by formulating instead of a cascade model now a continuous PDE

model as follows [97, 110, 111, 114, 115, 119, 121, 127–129]:

∂ci
∂t

+
1− εtot
εtot

∂qi
∂t

+ uL
∂ci
∂z

= Di,app
∂2ci
∂z2

; i = 1, NC (2.57)

Here ci is the mobile phase concentration of component i in equilibrium with the

stationary phase concentration of that component qi. The parameters εtot, uL, and

Di,app are the total prosity (intraparticle and interparticle void volume) of the packing

material, the linear velocity of the mobile phase, and the apparent axial dispersion of

component i (kinetic), respectively [121, 127, 130]. It is expedient to use instead of

εtot the phase ratio definition as F :

F =
1− εtot
εtot

(2.58)

Hence, the Eq. 2.57 can be rewrite as the following equation:

∂ci
∂t

+ F
∂qi
∂t

+ uL
∂ci
∂z

= Di,app
∂2ci
∂z2

(2.59)

This equation can be simplified assuming a permanently established equilibrium. This

means that qi is an explicit function of ci and qi(ci) [121, 127]:

∂ci
∂t

(
1 + F

dqi(ci)

dci

)
+ uL

∂ci
∂z

= Di,app
∂2ci
∂z2

(2.60)

Often Di,app is very small (an infinite efficiency is a good assumption for rough pre-

liminary) and the last term can be neglected. This leads to the fundamental equation

of equilibrium theory [97, 111, 115, 121, 127–129]:

∂ci
∂t

(
1 + F

dqi(ci)

dci

)
+ uL

∂ci
∂z

= 0 (2.61)

This equation allows for a constant concentration to estimate the corresponding mi-

gration velocity (Eq. 2.62):
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ui =
uL

1 + F dqi(ci)
dci

(2.62)

Here ui is the migration velocity of a retained concentration front. The key is the

ratio between the differential concentration of the stationary phase and the differential

concentration of the mobile phase, dqi(ci)/dci. It is well known for isocratic conditions,

i.e. the volume fraction of modifier εL,mod is constant, and one only needs to know

the one-component linear-isotherm valid for these solvent compositions to predict

chromatograms. In other words, for a given column length Lc, the corresponding

retention time is:

tR,i = t0

(
1 + F

dqi(ci)

dci

)
(2.63)

With

t0 =
Lc

uL

(2.64)

The velocity uL can be also expressed via the volume flow rate of the liquid phase

(V̇L) and the free volume of the column (π
4
d2c) [111, 114, 119, 121, 127]:

uL =
V̇L

π
4
d2cεtot

(2.65)

Under linear conditions, the migration velocity of component i (ui) is constant and in-

dependent of the injection concentration. The migration rate of a component depends

only on the concentration of the mobile phase. In other words, the velocity associated

with a given mobile phase concentration is constant, and each concentration runs at

a stable velocity along the entire length of the column. The point indicating this

concentration moves in time and space (t, z) along a straight line (linear domain).

The slope of this straight line corresponds to the migration rate of component i (see

Figure 2.11). For example, for a sample with components 1, 2, and 3, the migration

velocity of each component (ui) is different for a constant mobile phase composi-

tion. This means that the linear domain (linear-isotherm) for each component has

a different slope angle, resulting in a different retention time for each component

(tR,1, tR,2, tR,3) (see Figure 2.11). These linear trajectories are called characteristic

lines [97, 111, 115, 127–129]:
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Figure 2.11: Linear trajectories of component i (i = 1, 2, 3) over time and space
(column length) for a considered volume fraction of modifier (εL,mod) [121, 127]

These linear trajectories of component i will be used in the next section 2.2.5 to

model the step-gradient elution method, predict the retention time of component i,

and reduce the total cycle time.

2.2.3 Essential Parameters

2.2.3.1 Column Porosity

To determine the total porosity εtot (intraparticle and interparticle void volume) of

the packing material, the column dead time t0, the volume of the empty column Vc,

and the volume flow rate of the mobile phase V̇L are required [114, 119, 121, 127, 130,

131].

εtot =
texp.0 V̇L

Vc

(2.66)

It is worth noting that the column dead time is usually determined by a non-retained

compound such as uracil.
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2.2.3.2 Phase Equilibria

At dilute feed concentrations, adsorption isotherms are usually linear:

qi(ci) = Ki,Hci (2.67)

Where qi(ci) and ci are the concentration of component i in the stationary and mobile

phases, respectively. The validation of this equation, which is equivalent to Henry’s

equation, can be explained by the fact that the loading concentration is dilute and

the adsorbed components are isolated on the surface of the adsorbent (stationary

phase), with no interactions between them (linear behavior). However, for high

loading concentrations and non-linear behavior, non-linear isothermal models must

be used [114, 119, 127, 130]. In analytical HPLC or even GC, the equilibrium can be

explained by the linear isotherms due to the very low concentrations. To determine

Henry’s constant (KH,i) the experimental column dead time, texp.0 , the total porosity,

εtot, and the experimental retention time of the solute, texp.R,i , are required [97, 111,

132, 133]:

dqi(ci)

dci
= Ki,H =

(
texpR,i

texp0

− 1

)(
εtot

1− εtot

)
(2.68)

These Henry constants are known to be a function of temperature (T ) and can be

affected by the composition of the solvent. The latter can be expressed by the volume

fraction of a modifier (εL,mod) added to the main solvent. This means:

Ki,H = Ki,H (εL,mod, T ) (2.69)

The temperature dependence can be expressed by an exponential function for which

the enthalpy of adsorption is required. This can be estimated from a series of pulse ex-

periments performed isothermally but at different temperatures. The composition of

solvents is more complex and requires more mechanistic insight. Typically, the linear

solvent strength model (LSS) [114, 128–130] is used, which provides the following:

Ki,H (εL,mod) = Aie
BiεL,mod (2.70)

The study of the separation of the component i under isocratic elutions leads to the

above analytical expression that depends on the volume fraction of the modifier to

calculate Henry constants as a linear equilibrium parameter. In the above exponential

function, Ai and Bi are experimental coefficients.
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2.2.3.3 Column Efficiency, Plate Number and Axial Dispersion

The shape and position of chromatograms are influenced by many factors, particu-

larly fluid dynamics in the packing bed, the rate of mass transfer around and within

particles, and the frequency of adsorption and desorption steps, all of which cause the

undesirable effect of band broadening. A general key parameter for chromatographic

separation performance is the number of theoretical plates (equilibrium steps), N̄ ,

which is representative of column efficiency and thus the degree of deviation (ax-

ial dispersion(Di,app)) from ideal behavior. The number of plates of a solid-liquid

chromatography process corresponds to the kinetic parameter [97, 111, 121, 127].

The larger the number of plates, the higher the efficiency and the narrower the peaks.

However, due to non-ideal fluid dynamics and limited mass transfer rate, real columns

have limited efficiency.

The apparent axial dispersion of component i (Di,app) can be estimated from the

corresponding number of stages used in the equivalent plate model. In analytical

chromatography it is well known that this number can be estimated from a separa-

tion profile by analyzing the retention time tR,i for each component and its standard

deviation σi as a criterion for peak width [97, 111, 114, 115, 119, 128, 129]:

N̄i =

(
tR,i

σi

)2

(2.71)

The detected peaks of high-efficiency columns are relatively symmetrical (see fig-

ure 2.12). In this case, the average retention time of a peak can be easily estimated

from the peak maximum. Furthermore, for peaks with Gaussian distribution, there

are several ways to estimate the standard deviation and/or variance. Figure 2.12

shows the options for determining peak width at different peak heights. One of the

most commonly used options is to evaluate the peak width at half height, w1/2, which

is nearly 2.354σ.

N̄i ≈ 5.54

(
tR,i

w1/2,i

)2

(2.72)

Similarly, the standard deviation is determined by analyzing the two inflection points

(see figure 2.12 (ip1, ip2)) [97, 111, 119, 121]:

N̄i = 16

(
tR,i

wbase,i

)2

(2.73)
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Figure 2.12: Evaluation of the variance for a Gaussian peak. Inspired by [111]

The number of theoretical plates and the corresponding height between them, HETP ,

are inversely related:

HETPi =
Lc

N̄i

(2.74)

By Lc is meant the length of the column. The correlation between N̄i and Di,app

assuming the same second moments is [97, 111, 114, 115, 119, 128, 129]:

Di,app =
uLLc

2N̄i

(2.75)

Already if N̄i exceeds 100, the assumption of the equilibrium model (Eq. 2.61) will

be relatively well fulfilled.

Therefore, to account for band broadening and to ensure that the peaks of a real sepa-

ration profile do not overlap, the column efficiency for each peak should be examined.

Note that at the outset we should consider three assumptions: (I) the column

efficiency for isocratic and gradient elution is constant, (II) there is no nonlinearity

for the overloaded injections (assuming linear isotherms), (III) the band broadening

is not enhanced when a larger volume of feed is injected during preparative runs.
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2.2.4 Process Variants

2.2.4.1 Analytical vs. Preparative Chromatography (Scale Up)

The purpose of a chromatographic approach can be analytical or preparative. In

analytical chromatography, the goal is to separate the components of the sample.

Here, the goal is to analyze a substance in detail and collect information about it.

This, in turn, can yield a qualitative profile or fingerprint of the sample. In the

analytical scale, the mass injected of component i is very small with following mass

balance:

mi,tot = mi,inj = ci,injVinj = ci,injtinjV̇L (2.76)

Where mi,inj, ci,inj, Vinj, and tinj are mass injection of component i, concentration

injection of component i, volume injection, and injection time, respectively.

On the other hand, preparative chromatography (large mi,inj) is about isolating and

purifying sufficient amounts of a particular substance from the sample. The separa-

tion methods and parameters used in analytical chromatography can be scaled for

preparative chromatography. The two techniques are complementary, one providing

a fingerprint and the other a purification method. Furthermore, the two techniques

are not mutually exclusive [111, 115, 119, 121].

The traditional technique of preparative liquid chromatography originated at the be-

ginning of the last century, in 1903, when M. Twsett performed the first separation of

carotene pigments [119]. As explained earlier, preparative chromatography requires

high concentrations and large volumes of feed, which leads to a non-linearity effect.

In nonlinear chromatography, the equilibrium concentrations of a component are not

proportional between the stationary and mobile phases, resulting in nonlinear phase

equilibrium isotherms. The equilibrium isotherm of each component depends on the

concentrations of all other components present in the injected solution. Therefore, the

band profile, retention time, and peak height of a component would be different for

overcharged runs (nonlinear isotherms) than for low concentration injections (linear

isotherms). According to the assumption II, we assumed that there is no non linearity

in the overcharged injections. To scale-up the same conditions of the analytical scale,

such as:

Lsmall
c = Llarge

c (2.77)

usmall
i = ularge

i (2.78)

tsmall
R,i = tlargeR,i (2.79)

the following simple scale-up rule is applied based on keeping column length constant
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and increasing inner diameter of the column (without considering non linearity) [111,

119, 121]:

(
Lcd

large
c

Lcdsmall
c

)2

=
V̇ large
L

V̇ small
L

=
V large
inj

V small
inj

(2.80)

The terms dlargec and dsmall
c refer to the inner diameters of the preparative and ana-

lytical columns, respectively.

One of the critical problems in the large-scale application of preparative chromatog-

raphy has been achieving large-diameter columns with separation performance com-

parable to analytical columns. Long-term bed stability, low hydrodynamic resistance,

and high column efficiency are important properties required of industrial columns.

To achieve these properties and their often costly consequences, several options for

bed compression have been proposed. Compression can be static or dynamic, with the

latter offering the great advantage of automatically eliminating voids as they form,

before their size can affect column efficiency [97, 111, 119, 121]. An important event

in the history of preparative chromatography took place in 1974, when Roussel Uclaf

(a former French pharmaceutical company, now part of Aventis) patented the con-

cept of dynamically compressed columns (columns equipped with a piston capable

of compressing the chromatographic bed), paving the way for modern preparative

chromatography, MPC, which represents a real revolution in the history of chro-

matography and probably in the history of the pharmaceutical industry. MPC uses

Dynamic Axial Compression (DAC) columns typically filled with 10 µm particles

of robust silica-based material and operated at medium to near-high pressure (30-

70 bar). Dynamic axial compression technology provides a user-friendly and simple

method for packing chromatographic columns on a preparative scale. The DAC sys-

tem enables rapid packing of columns from virtually any packing material. The DAC

system enables optimal column efficiency and linear scalability from laboratory to

industrial scale due to excellent packing and controlled liquid distribution [97, 111,

119, 121].

The column contains a movable piston attached to a hydraulic cylinder (jack). The

piston is used to pack the column and maintains the stationary phase under adjustable

and dynamic compression to ensure maximum efficiency and bed stability at any scale.

The piston prevents mechanical degradation, and bed compression is kept constant

regardless of bed swelling or shrinkage. For example, when solvent conditions cause

particles to swell, the piston automatically allows the bed to expand to maintain

constant compression.

The High Performance Concept is the concept behind MPC’s outstanding story. This

is essentially the use of columns that deliver a large number of theoretical plates in

a relatively short time. This is indeed very similar to the situation with analytical
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columns. Finally, it should be noted that MPC is probably one of the few physical-

chemical methods that can be directly scaled up without any special adaptations:

a method developed using a column with an internal diameter of a few mm can be

scaled up more than 100,000 times! This is certainly a very important description for

the success of MPC in the industry [97, 111, 119, 121].

2.2.4.2 Isocratic vs. Solvent Gradient Elutions

The major components of saffron crude extract, namely picrocrocin, crocin I, and

crocin II, are able to be separated on a C18 column by both isocratic and gradi-

ent elutions. In isocratic elution, the concentration of the mobile phase composition

(weaker solvent A, stronger solvent B (modifier)) and the temperature remain constant

(εL,mod = Const., T = Const.), which means that the Henry constant of component

i is also constant in isocratic elution (Ki,H = Const.). However, in linear gradient

elution, the volume fraction of modifier (εL,mod) is gradually increased during the gra-

dient time (e.g., from 10% B (εL,mod = 0.1) to 80% B (εL,mod = 0.8) (Figure 2.13A)),

apart from PH, temperature, flow rate, and other conditions, whereas in segmented

gradient elution (Figure 2.13B) and step-gradient elution (Figure 2.13C) the volume

fraction of the modifier changes periodically and step-wise, respectively [114, 119, 121,

131, 134]. For instance, the segmented gradient elution in Figure 2.13B has three seg-

ments (εL,mod,1, εL,mod,2, εL,mod,3) with two switching times (tsw,1, tsw,2) in 20 minutes.

The concentration of the modifier in each segment is changed gradually depending

on the separation purpose, and at the end of each segment, it is switched to the new

segment with new concentration of the modifier. However, the step-gradient elution

in Figure 2.13C has three steps with constant volume fraction of modifier in each step.

The duration of each step and corresponding switching times are considered based on

the shortest cycle time of each run and the highest productivity of component i.

Figure 2.13: Examples of gradient elutions: (A) linear gradient program from 10% B
(εL,mod = 0.1) to 80% B (εL,mod = 0.8) in 20 minutes (10/80% B at 0/20min); (B)
segmented gradient program, 5/25/40/80% B at 0/5/15/20min. (C) step-gradient
program, εL,mod,1 = 0.2 for 0 < t < (tsw,1 = 5min), εL,mod,2 = 0.4 for tsw,1 < t <
(tsw,2 = 15min), and εL,mod,3 = 0.8 for tsw,2 < t < (tsw,M−1 = 20min). Inspired
by [121]
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The onset of gradient elution with larger values of the modifier (%B) degrades the

separation and resolution of early peaks, while smaller values of the modifier further

increase the values of retention factor (k) and run time, leading to a decrease in peak

height and detection sensitivity. Usually, changes in the %B value are made to shorten

the gradient time but otherwise maintain the same separation with the same retention

factor. Such changes in the initial and final %B values are equivalent to removing

the (wasted) parts of the chromatogram where no peaks are present. Further details,

figures, and equations are given in Ref. [121, 131, 135, 136]. Hence, in gradient

elution, the Henry’s constant of component i is function of εL,mod and T in different

time and space (t,z):

Ki,H(t, z) = Ki,H(εL,mod(t, z), T (t, z)) (2.81)

Isocratic and gradient elution methods complement each other. The isocratic method

is generally preferred for its simplicity, convenience, and reproducibility, but is un-

suitable for complex samples containing solutes with different polarities in a short

time frame (0≤retention factor (k)≤50) [114, 119, 121, 131, 137]. Gradient elution is

routinely used in the analysis of complex mixtures. This method was first introduced

in the 1950s [114, 121, 130, 131]. Because the inhibitory behavior of compounds at the

stationary phase is affected by the composition of the solvent mixtures, the gradient

elution method provides more robust results than the isocratic elution method [111,

119, 121, 131, 132]. Therefore, gradient methods allow the separation of solutes that

have a wider range of polarity than isocratic elution. Separations where gradient

elution is commonly used in HPLC include the separation of amino acids, phenols,

polyaromatic hydrocarbons (PAH’s), tetracyclines, and proteins. In general, gradient

elution is needed when a large number of solutes with different polarities have to be

separated in a short time. In this elution program, the solvents are relatively inex-

pensive, and the time for re-equilibration between gradient runs is short. Gradient

methods are most commonly used in reversed-phase chromatography; however, the

general concepts and principles are applicable to other HPLC separation modes, e.g.,

normal phase, ion exchange, etc. [114, 119, 121, 131, 135].

Successful HPLC gradient chromatography requires a careful experimental proce-

dure. In gradient separations, impurities from the weak solvent may stack on the

column at the beginning of the run and elute later as the solvent strength increases.

This can lead to additional peaks in the final chromatogram and affect the quality

of the separation. Therefore, the best quality solvent possible should be used. Suffi-

cient time must always be considered between runs for re-equilibration of the column.

Insufficient re-equilibration time will result in non-reproducible chromatography and

significant variations in retention times. On the other hand, re-equilibration of the

column longer than necessary leads to time losses [114, 119, 121, 131, 135].
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The solvents used in the gradient elution must be fully compatible, i.e., they must

be fully miscible, and their compatibility and/or strength should not be too different,

otherwise solvent segregation may occur. In addition, baseline shifts may occur during

the gradient development run if one solvent has a significantly different background

adsorbance than the other. Therefore, a blank gradient should always be run to check

the extent of baseline shift and also to look for eluting impurity peaks. Finally, the

effect of solvent mixtures on column backpressure must also be considered. For exam-

ple, the viscosity of a 50/50 water-ethanol mixture is much higher than that of a single

solvent. In practice, this means that the column backpressure approximately doubles

in the middle of a gradient elution of 100% water to 100% ethanol, which may mean

that lower flow rates must be used during the gradient run to avoid overpressurizing

the column [114, 121, 131, 138].

This study first examined the effect of different volume fractions of modifier B, in

isocratic elutions, on peak retention and peak broadening of picrocrocin, crocin I

and crocin II. It provided the basis for the development of a step-gradient elution

method (step-wise) with reduced cycle time, acceptable productivity, and high yield

and purity of the components. The corresponding modelling for the development of

the step-gradient elution method will be done in the (next) section 2.2.5 utilising the

equilibrium theory based on Eq. 2.62 and Eq. 2.63.

2.2.5 Simplified Modeling of Step-Gradient Elution Using

Equilibrium Theory

Gradient elution has been widely used in liquid chromatography since its introduction

in the early 1950s [111, 119, 121, 130, 131]. Gradient elution can significantly reduce

the batch time of analyses, improve the resolution of complex mixtures and providing

more robust results compared to isocratic elution [111, 119, 121, 131, 133]. One mode

that is easy to design and implement is step gradient chromatography. In this mode,

M steps (j = 1,M) are interspersed with M − 1 different ideal switching times tidealsw,j .

Ideal switching time means ideal column efficiency and no band broadening. The

solvent composition at the inlet is manipulated over time and space (t, z) as follows:

εL,mod (t, z) =



εL,mod,1 for
[
0 < t ≤

(
tidealsw,1 + z

uL

)]
...

εL,mod,j for
[
tidealsw,j−1 < t ≤

(
tidealsw,j + z

uL

)]
...

εL,mod,M for
[
tidealsw,M−1 < t ≤

(
tidealend + z

uL

)]


; z = 0, Lc (2.82)

It is worth noting that the duration of the first interval is between zero and the
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summation of the ideal first switching time tidealsw,1 and the dead time z/uL (the time

required for the solvent composition to move unretained throughout the column). In

fact, when we switch to the new solvent composition, the entire column is still full of

the previous solvent composition, which must be depleted (depletion of εL,mod,1). The

interval j begins when the new solvent composition εL,mod,j meets the old solvent com-

position εL,mod,j−1 at t
ideal
sw,j−1 (at the inlet of the column), and it ends at (tidealsw,j + z/uL)

(fully depletion of εL,mod,j). The last interval εL,mod,M refers to the re-equilibrium of

the column. Last but not least, tidealend is the end of the ideal run-time, which means

that a new run can be started afterwards.

It is assumed that the solvent composition perturbations move unretained through the

column with velocity uL. This gives complete knowledge of the solvent composition

at any point in the column at any time, i.e., εL,mod(t, z). With this knowledge, the

change in migration velocity of component i (ui) after each switching operation is

predictable by the equilibrium theory (Eq. 2.61 and Eq. 2.62) [114, 121, 127, 130,

131]:

ui (εL,mod (t, z)) =
uL

1 + FKi,H (εL,mod (t, z))
(2.83)

Under equilibrium conditions, the changes in solvent composition gradually -

change the specific Henry constants of the components and hence the specific

migration rates. In the characteristic diagrams, these changes in ui are represented

as changes in the slopes of the trajectories (see Figures 2.11 and 2.14), which is

used to estimate the retention time of component i (by Eq. 2.63) at the exit of the

column (z = Lc). For example, a sample contains components 1 and 2. Component

1 has a smaller Henry constant than component 2 (K1,H < K2,H), which means less

retention of component 1 at the stationary phase and faster elution than component

2 (see Figure 2.14). To achieve faster elution of component 2, and thus shorten

the separation time without compromising the achievable separation factor, a larger

volume fraction of the modifier must be used. Thus, for example, if component 1 is

eluted by εL,mod,1 in 3 minutes, component 2 is still somewhere in the column (see

Figure 2.14). To switch to a larger volume fraction of modifier, εL,mod,2, to elute

component 2, we need to calculate and optimize the ideal first switching time tidealsw,1 :

tidealsw,1 = ∆tinj + tR,1 − t0 = ∆tinj + t0 (1 + FK1,H (εL,mod,1(t, z)))− t0 (2.84)

When we switch to the new solvent composition, εL,mod,2, the corresponding compo-

nent 2 is somewhere in the column (z∗) (see Figure 2.14). This means that based on

the linear velocity of the mobile phase, uL, (Eq. 2.64), the new solvent composition,

εL,mod,2, requires a special time, z∗/uL, to reach and hit the corresponding component

2 at z∗ (see Figure 2.14). This means that for a precise determination of the ideal
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second switching time, tidealsw,2 , the intersection in space and time (spatial and temporal)

(z∗ and t∗ in Figure 2.14) must first be determined. In Figure 2.14, line 1 and line 3

meet at this intersection, which they can be illustrated mathematically as follows:

zLine1(t) = z0,Line1 + uLine1t (2.85)

zLine3(t) = z0,Line3 + uLine3t (2.86)

Therefore, for intersections at t = t∗ and z = z∗ (see Figure 2.14) there is:

z0,Line1 + uLine1t
∗ = z0,Line3 + uLine3t

∗ (2.87)

and/or

t∗ =
z0,Line1 − z0,Line3
uLine3 − uLine1

(2.88)

To find the intersection in space (z∗) and time (t∗) we can start from the intersection

in space for Line1 and Line3 (z∗) (see Figure 2.14):

z∗ = z∗Line1(t
∗) = z∗Line3(t

∗) (2.89)

Therefore, there is:

u2 (εL,mod,1(t, z)) (t
∗ −∆tinj) =

Lc

t0

(
t∗ − tidealsw,1

)
(2.90)

The intersection (of x and y) in time, t∗, would be:

t∗ =
u2 (εL,mod,1(t, z))∆tinj − Lc

t0
tidealsw,1

u2 (εL,mod,1(t, z))− Lc

t0

=

Lc
t0

1+FK2,H(εL,mod,1(t,z))
∆tinj − Lc

t0
tidealsw,1

Lc
t0

1+FK2,H(εL,mod,1(t,z))
− Lc

t0

(2.91)

Therefore, t∗ is:

t∗ =
∆tinj − tidealsw,1 (1 + FK2,H (εL,mod,1(t, z)))

−FK2,H (εL,mod,1(t, z))
(2.92)

Substituting Eq. 2.92 into Eq. 2.90 yields the intersection in space, z∗:
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z∗ =
Lc

t0

(
t∗ − tidealsw,1

)
=

Lc

t0

(
∆tinj − tidealsw,1 (1 + FK2,H (εL,mod,1(t, z)))

−FK2,H (εL,mod,1(t, z))
− tidealsw,1

)
(2.93)

Hence, the ideal second switching time can be determined based on these intersections:

tidealsw,2 = tR,2 − t0 = t∗ +
Lc − z∗

u2 (εL,mod,2(t, z))
− t0 (2.94)

Following equation is obtained by substituting t∗, z∗, and the migration velocity

u2(εL,mod,2(t, z)) into Eq. 2.94:

tidealsw,2 =
∆tinj − tidealsw,1 (1 + FK2,H (εL,mod,1(t, z)))

−FK2,H (εL,mod,1(t, z))
(−FK2,H (εL,mod,2(t, z)))

+ (1 + FK2,H (εL,mod,2(t, z)))
(
t0 + tidealsw,1

)
− t0

(2.95)

In the end, the sum of the ideal second switching time and the ideal equilibrium time

tidealeq gives the ideal total cycle time:

∆tidealcyc = tidealsw,2 + tidealeq (2.96)

In the ideal columns, equilibrium time is equal to the dead time (tidealeq = t0). There-

fore, under ideal separation conditions the Eq. 2.96 reads:

∆tidealcyc =
∆tinj − tidealsw,1 (1 + FK2,H (εL,mod,1(t, z)))

−FK2,H (εL,mod,1(t, z))
(−FK2,H (εL,mod,2(t, z)))

+ (1 + FK2,H (εL,mod,2(t, z)))
(
t0 + tidealsw,1

) (2.97)
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Figure 2.14: Step-Gradient and isocratic trajectories of component 1 and 2. The first
light blue section: volume fraction of the modifier at first step (εL,mod,1). Dark blue
section: volume fraction of the modifier at second step (εL,mod,2), (εL,mod,2 > εL,mod,1).
Second light blue section: return to the volume fraction of the modifier at first step
to re-equilibrium of column. Red lines: Elution trajectory of component 1 at first
step. Green lines: Elution trajectory of component 2 at first and second steps. Green
dashed lines: Isocratic elution trajectory of component 2. Iso.: Isocratic. ∆tidealcyc,Iso. >
∆tidealcyc,Gradient [47, 121, 127, 130]

The cycle time is the time interval between two injections (Figure 2.14, ∆tcyc). Note

that these switching times are for an ideal chromatographic separation profile without

considering band broadening (column efficiency). As explained in subsection 2.2.3.3,

the standard deviation is determined by analyzing the two inflection points (see Fig-

ure 2.12. (ip1, ip2)), which is a criterion for peak width and/or column efficiency. To

account for column efficiency and band broadening, and to ensure that peaks do not

overlap in the real separation profile, half of the peak width of component i at the

base of the peak 2σi should be added to the corresponding ideal switching times. In

the end, the actual cycle time ∆trealcyc is used for the productivity calculations.
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2.3 Performance Criteria of Separation Processes

The performance of each process can be evaluated using three critical parameters,

namely Purity, Productivity, and Yield. The aim of the performance-determining

parameters is to evaluate and compare process variants in the both extraction and

chromatographic processes. It should be mentioned that each process is balanced

alone.

2.3.1 Purity

In crude extract processing (solid-liquid chromatography), purity is defined as the

ratio of the mass of the purified target component i (mi) to the total mass of the

collected fraction,
∑N

i=1mi:

Pui =
mi∑N
i=1 mi

× 100 (2.98)

2.3.2 Productivity

Generally, productivity is the rate production of a target molecule i at a given scale

defined by the following equation:

Pri =
mi

∆tcycScale
; [g/min/l] (2.99)

Where mi is the mass of the collected target component i, Scale is the scale of the

process, i.e., the volume of the vessel in the extraction process and the mass of the

adsorbent (mAds. (gAds.)) in the chromatography process, and ∆tcyc is the cycle time,

i.e., the time interval between two batch runs in both extraction and chromatography

processes:

∆tcyc =
N∑
j=1

tstart of batch j+1 − tstart of batch j (2.100)

It is worth noting that the cycle time of a continuous extraction process is the

total residence time of the process. In the continuous countercurrent process (CC),

there is a mass flow rate of the component i through the column, ṁi, which is the

output dimensioned concentration of the component i in the liquid phase, ci,N ,

multiplied by the volumetric flow rate of the liquid phase, V̇L. On the other hand, the

volume of the countercurrent column is usually divided into three segments, namely

the volume of solid phase, VS, the volume of liquid phase, VL, and the volume of

air, Vair. However, the volume of air is assumed to be zero, Vair = 0. Therefore,
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productivity in the continuous counter-current extraction process is the flow of a

target molecule over the total volume Vtot:

PrCC
i =

ci,N × V̇L

Vtot

=
ṁi

Vtot

; [g/min/l] (2.101)

or in the simplified explicit form of neglecting a Scale factor as:

PrCC
i = ṅL = ci,N × V̇L ; [g/min] (2.102)

The study and quantification of outgoing concentration, ci,N , and fluid flow, V̇L, was

discussed above in the section 2.1.5. The geometric characteristics of the extractor in

different extraction modes and additional equipment (e.g., stirrer, screw occupancy)

may affect the final results. Therefore, the Scale factor can be considered as the free

volume. In addition to productivity, recovery yield is also of interest.

2.3.3 Recovery Yield

The recovery yield is the mass ratio of the collected product, mi,coll., to the total mass

of the initial product, mi,tot.:

Yi =
mi,coll

mi,tot

× 100 (2.103)

In the purification (chromatography) process, the definition of yield is the ratio be-

tween the mass of the collected target component and the injected total initial mass

of that component obtained by the exhaustive extraction, x0
i,S (see table 4.3). How-

ever, in both batch and steady state continuous counter-current extraction process,

the recovery yield is calculated using the estimated outgoing concentration of the

component i in the outgoing liquid phase by Eq. 2.31 (for batch) and Eq. 2.42 (for

counter-current) :

Yi =
ε× couti

(1− ε)× qini
× 100 (2.104)

Concentration of component i in the starting solid phase qini (x0
i,S) is taken from the

table 4.3. The quantification of productivity and recovery yield for the batch and

continuous extraction of picrocrocin, crocin I and crocin II from the Crocus sativus L.

(saffron), and also for the analytical and preparative purification of them by HPLC

will be done in chapter 4.
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Two main separation techniques are used in this study, namely extraction and chro-

matography. The first step of any separation technique is the characterization of the

target components by preliminary experiments.

3.1 Preliminary Experiments

3.1.1 Stability of Components

As explained earlier, the compatibility of a solvent to dissolve a target molecule (so-

lute) depends on the polarity of the solute, the polarity of the solvent, and the sol-

ubility of the solute. Due to the sugar structure in the chemical structure of the

main constituents of saffron, namely picrocrocin, crocin I and II, and according to the

rule ”like dissolves like”, these compounds are more soluble in polar solvents. The

polar solvents such as water, and ethanol-water mixtures showed higher performance

and capacity in extracting of the saffron components [47, 51]. Another factor for

the selection of one or more solvents is the stability time (life time) of the dissolved

compound(s) in that solvent(s). To verify this, the stability of picrocrocin, crocin I

and crocin II in low and high volumetric fractions of ethanol (0.22 and 0.8) in compo-

sition with water was studied during 24 hours. For this purpose, 1 g of saffron crude

extract was dissolved in one liter of 0.22 and 0.8 volume fraction of ethanol in com-

position with water, and then the concentration of the above mentioned compounds

was checked hourly for 24 hours. The changes in the concentration of the compounds

indicate the duration of their stability (see Figure 4.1).

3.1.2 LC/MS Analysis

Liquid chromatography is a suitable technique for the separation and analysis of the

components of saffron extract. In this study, analytical chromatography analysis of

saffron crude extract, both LC and LC/MS, is performed on a C18 analytical col-
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umn using a linear gradient elution method. This analysis provides a fingerprint

of picrocrocin, crocin I and crocin II. The analysis of the constituents of the saf-

fron extract and the study of their retention behavior are performed using a high

performance liquid chromatography, HPLC, system (Agilent 1260 series, Germany)

equipped with a degasser (1260 Degasser), a four-channel gradient pump (1260 Bi-

nary Pumps), an auto-sampler (1260 ALS), a reversed phase column (YMC-Triart

Prep C18-S, 150×4.6 mm, 15 µm, 12 nm), a column oven (1260 TCC), and a UV-Vis

photo-diode array detector (1260 MWD VL). Figure 3.1 shows schematic illustration

of an HPLC system.

Figure 3.1: Schematic illustration of the High Performance Liquid Chromatography,
HPLC, process

The target molecules of the saffron extract (picrocrocin, crocin I, and crocin II) were

identified by LC-MS using a quadrupole time of flight mass detector (Q-TOF-LC-MS

6530, Agilent Technology, CA, US).

3.1.3 Dynamic Procedure to Calibrate Detector

One of the best and most well-known methods for quantifying chemicals is the cal-

ibration curve. Establishing a calibration curve for a component requires a pure

sample (100%) of that component. Commercially available samples of picrocrocin

and crocins contain some impurities and are not suitable for establishing a calibration

curve. Therefore, picrocrocin, crocin I and crocin II were purified to 99.9% purity on

an analytical scale (Vinj=100 µl, DS=10 g/l) in our laboratory at the Max-Planck-

Institute for Dynamics of Complex Technical Systems, Magdeburg. The separation

method and column conditions are the same as in the LC − MS analysis section

in Chapter 4 (see Figure 4.2). The collected fractions of picrocrocin, crocin I and

crocin II were concentrated using the rotary evaporator (BUCHI, Switzerland) and

then dried by the freeze dryer (ZiRBUS technology GmbH, VaCo2, max temp -50
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℃, Germany). The obtained fine powders of picrocrocin, crocin I and ccrocin II

were used to prepare their calibration curves. The following figure shows a schematic

representation of a peak from HPLC:

Figure 3.2: Schematic representation of a HPLC peak for component i

At the inlet, the mass of component i in the injection sample is known:

mi,inj = Vinjci,inj = V̇Ltinjci,inj (3.1)

The outlet mass of component i can be introduced by the following equation:

mi,out = V̇L

∫ ∞

0

ci,inj(t)dt (3.2)

Therefore, the mass balance of component i at the in- and outlets is:

mi,inj = mi,out (3.3)

Thus, there is:

Vinjci,inj = V̇L

∫ ∞

0

ci,inj(t)dt (3.4)

On the other hand, the relationship between the injection concentration of the com-

ponent i and its signal is generally linear:

ci,inj(t) = F̄ signal(t) (3.5)

In the above equation, F̄ is the calibration factor. Combining the equations 3.4

and 3.5 gives the following mass balance relation:

Vinjci,inj = V̇L

∫ ∞

0

F̄ signal(t)dt = V̇LF̄

∫ ∞

0

signal(t)dt (3.6)
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After the changeover there is:

F̄ =
Vinjci,inj

V̇L

∫∞
0

signal(t)dt
=

mi,inj

V̇LAPeak
(3.7)

Here APeak is the peak area of the detected signal. Therefore, the slope ofmi,inj versus

V̇LA
Peak introduces the calibration factor (see Figure 3.3A). In terms of knowing the

injection time tinj, Eq. 3.7 can be rearranged to:

F̄ =
Vinjci,inj

V̇L

∫∞
0

signal(t)dt
=

tinjci,inj∫∞
0

signal(t)dt
=

tinjci,inj
APeak

(3.8)

Equation 3.8 shows the relationship between the known injection concentration of

component i (ci,inj) and the corresponding peak area based on the provisionally deter-

mined parameters F̄ and tinj. Based on this relationship, the unknown concentration

of a sample can be calculated by the area of the peak (see Figure 3.3B):

Figure 3.3: Calculation of the calibration factor (Figure A) and determination of the
concentration using the peak area (Figure B)

The calibration curve depends on the injection volume, the flow rate of the elution

method, and the wavelength. To use the calibration curve, these three parameters

must be kept constant for both the standards and the unknown samples. However,

if we want to use other conditions for the analysis, we should make the appropriate

changes when calculating the calibration curve.
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3.2 Solid-Liquid Extraction

3.2.1 Preliminary Experiments

3.2.1.1 Pre-Extraction

In this study, the exported saffron strain from Iran (Medicinal plants and drug re-

search institute, Shahid Beheshti University, Tehran, Iran) was pulverized using a

mortar and pestle. In a pre-extraction step with Soxhlet, the saffron powder was

extracted with dichloromethane at 40 °C for 7 hours [14]. In this pre-extraction step,

unwanted compounds in the saffron powder are eliminated, leading to a more effi-

cient extraction of the target molecules in the following main extraction step with

less crowded impurity profiles.

3.2.1.2 Efficient Provision of Crude Extract by Exhaustive Extraction

One of the important and necessary data for the continuous model calculations is the

knowledge of the total amount of each component in the initial powder of saffron,

qini (x0
i,S). To increase the yield and productivity of the extraction and purification

steps, all the target molecules of saffron should be extracted efficiently. One of the

common methods to efficiently provide a crude extract is the exhaustive extraction

method [112]. In exhaustive extraction, almost the entire amount of a component i is

transferred from the solid to the liquid phase, either by increasing the mass transfer

coefficient (by using a different solvent or temperature) or by reaching the partition

equilibrium several times [97, 112]. In this study, the second method was used. In

the exhaustive extraction experiments (main extraction), 0.1 g of the treated saffron

powder from the pre-extraction step was added to 0.01 liters of 80% ethanol in com-

position with water and then stirred (350 rpm) for 15 minutes (equilibrium time) at

room temperature. After settling the wet saffron powder, the liquid supernatant was

separated. The separated wet saffron powder was extracted twice more with fresh

80% ethanol/water solution. By the third extraction, the wet saffron powder was

completely yellow and the extraction solution contained only a very small amount of

the components, indicating that the highest possible extraction amount is achieved in

the first two extraction steps. Finally, the extract phases were concentrated using a

rotary evaporator (55 mbar, 35 °C, 160 rpm) and dried in a freeze dryer. Concentra-

tion analysis was performed using the calibration curve of each component. It should

be noted that the HPLC separation method and column conditions are the same as

the method used in the LC−MS analysis section in Chapter 4 (see Figure 4.2). The

exhaustive extraction process was repeated three times, and the results were included

in the calculation of the population standard deviation:
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σ =

√√√√ 1

N exp.

Nexp.∑
j=1

(mi,j − µ)2 (3.9)

µ =
1

N exp.

Nexp.∑
j=1

mi,j (3.10)

Where σ, N exp., mi,j, and µ are population standard deviation, the number of extrac-

tors, the mass of component i in extractor j, and the average mass of component i,

respectively.

3.2.1.3 Kinetic and Equilibrium

Knowledge of the time required for each process such as extraction, synthesis, etc.

is very valuable. Concentration analysis can be used to determine the equilibrium

time required to complete an extraction process. For this purpose, concentration

analysis must be performed at different time intervals to plot the concentration-time

curves (see Figure 4.4). To do this, 0.1 g of saffron powder and 0.01 l of an 80%

ethanol/water solution were mixed and stirred at room temperature in batch mode

(350 rpm). The small sample volumes (10 µl) for concentration analysis were taken

correctly every two minutes, and then the diluted samples filtered with a 0.45 µm

PTFE filter were injected onto the HPLC column. The HPLC separation method and

column conditions are the same as in the section on LC −MS analysis in Chapter 4

(see Figure 4.2). The concentration analysis of picrocrocin, crocin I and crocin II was

performed using the peak area and calibration curve. It is worth mentioning that this

batch run experiment was performed several times and with different dosages (see

Figures A.5, A.6, A.7). This is also a preliminary experiment to study the kinetics of

an extraction process.

3.2.2 Closed Single Batch and Multiple Sequential Batches

Two of the required parameters in the continuous counter-current model calculations

are kinetic and partition coefficient as the thermodynamic parameter (keff
i , Ki,E),

which were estimated by the results of the closed single batch and multiple sequential

batches extraction experiments. First, single batch extraction (Ba) was performed

(see Figure 3.4). In the single batch extraction experiments, there are eight individual

extractors with different dosages (DS). There is no connection between the extractors.

In this series of experiments, NBa, each extractor j contains a certain amount of

saffron powder mS,j and 0.01 l of 80% ethanol in composition with water solution (see

Table 3.1). The solid and liquid phases were stirred at room temperature for 15 min

(350 rpm). After 15 min, the process was stopped and the extractors were allowed

to stand for a few minutes until settling the solid phase. Then the two phases were
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separated. The concentration of component i in the liquid phase at equilibrium time,

ceqi , was measured using the HLPC technique (see Figure 4.2), and in the solid phase,

qeqi , was calculated using the equation 2.23. The whole procedure was repeated three

times.

Figure 3.4: Schematic representation of a closed single-batch extraction process (Ba)

Table 3.1: Initial condition of the first series of experiments in the single-batch ex-
traction procedure, NBa=8. i= picrocrocin, crocin I, and crocin II. VL,j=0.01 l, c0i=0,
q0i (x

0
i,S)=Table 4.3, Time of process=15 min, est.: estimated

No. (j) mS,j [g] DS,j [g/l] (Eq. 2.12) εest. (Eq. 2.9)
1 0.005 0.5 0.9994
2 0.025 2.5 0.9970
3 0.05 5 0.9940
4 0.1 10 0.9882
5 0.2 20 0.9766
6 0.3 30 0.9654
7 0.4 40 0.9544

NBa=8 0.5 50 0.9436

It is worth mentioning that the concentration analysis of picrocrocin was performed

in dosages from 10 to 50 g/l; because the concentration analysis of picrocrocin in low

dosages is not easy and has some errors.

In the second study, the sequential batches extraction (SBa) experiments were per-

formed. In the SBa process, the extractors were interconnected (cascade). The ex-

traction process in each extractor was stopped after 15 min and the separated phases

were then used as starting material for the next extractors (see Figure 3.5). There-

fore, the initial conditions (IC) were different for each extractor. It should be noted

that the dosage in all extractors must be 50 g/l. For example, the first extractor

starts with 0.5 g treated saffron powder and 0.01 l of 80% ethanol/water as solvent.
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After stirring the solid and liquid phases for 15 minutes (equilibrium condition), the

two phases are separated and used as the solid feed phase (wet feed) and liquid feed

phase (loaded solvent) in the second and third extractors, respectively. The wet solid

feed contains a certain volume of entrapped solvent, and the loaded solvent is less

than 0.01 l. To maintain the dosage of 50 g/l for all extractors, the volume of liquid

phase in each extractor should be manipulated and adjusted. In this procedure, there

are 10 batches, which were considered as the second series of experiments (NSBa).

The concentration of component i in the external liquid phase, ceqi , was measured by

HPLC (see Figure 4.2), and in the solid phase, qeqi , was calculated by Eq. 2.23.

Figure 3.5: Schematic representation of the extraction procedure with multiple se-
quential batches (SBa). L=Liquid phase, S=Solid phase

These two set of experiments were used to estimate the kinetic and thermodynamic

parameters of picrocrocin, crocin I, and crocin II.

3.2.3 Counter-Current Continuous Operation

Predictions based on numerical simulations and approximations can significantly re-

duce the time and materials required to analyze and optimize the process. Validated

process models are typically used to determine appropriate operating parameters and

optimal process design [97, 111].

The most flexible equation presented in section 2.1.5 that can quantify attractive

counter-current operation (Eq. 2.42) includes the thermodynamic parameter, K̃i,E,

the effective kinetic rate constant, k̃eff
i , operating parameters, (τ and ε), which can

be used to determine volume flow rate of liquid and solid phases, and the number

of stages, N , (hydrodynamic parameter), which is indicating deviation from the plug
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flow status. The effect of each parameter on the outlet concentration of component i

in the liquid phase (ci,N) will be checked under reference values of other parameters

(see Table 4.8 and the cited related figures in this table), and then the volumetric

flow rate of the liquid phase for each condition, which is obtained by Eq. 2.41, will be

used for productivity calculations (by Eq. 2.101).

In this thesis, due to high amount of saffron needed and high risk of the continuous

process, the test of the counter-current extraction operation was not done. It is recom-

mended to start with the cheaper material such as gardenia to test the counter-current

operation (outlook). Instead of, selected simulation results will be presented in chap-

ter 4 (section 4.2.5) using Ki,E (experimental data), keff
i (experimental data), ε, τ ,

and N . Hence, the outlet liquid phase concentration of the components (picrocrocin,

crocins I and crocin II) and the corresponding volume flow rate of the liquid and solid

phases were determined based on the real thermodynamic and kinetic values for each

component (chapter 4, subsection 4.2.5). The results showed higher productivity of

the continuous counter-current extraction process vs. batch extraction process.

3.3 Solid-Liquid Chromatography

As we know, solid-liquid chromatography is one of the most powerful techniques to

separate a mixture into its components and then purify them [111, 114, 115, 119]. In

this study, isocratic and gradient elutions are used for the separation and purification

of the target components of saffron extract, namely picrocrocin, crocin I and crocin II.

The HPLC system and type of column are described in the section LC/MS analysis

in Chapter 4.

3.3.1 Preliminary Experiments

3.3.1.1 Sample Preparation

To prepare the sample (feed) for the analytical and preparative chromatography sep-

arations, 13 g of the treated saffron powder was added to 1.3 l of an 80% (vol%)

ethanol/water solution (80% EtOH,20% Water), and stirred for 15 min at room tem-

perature. The stirrer was stopped at the time of equilibrium. After settling the wet

saffron powder, the extract phase (liquid supernatant) was separated. The separated

wet saffron powder, the nearly exhausted saffron, was again extracted with 1.3 l of

fresh 80% ethanol/water solution. To isolate the residue solid particles (wet saffron

powder) from the extract phase, the separated liquid supernatant was filtered by a

Whatmann paper filter on an Erlenmeyer suction bottle. Finally, the filtered extract

phase was concentrated using a rotary evaporator (BUCHI, Switzerland) and pro-

cessed into fine dried saffron extract powder using a freeze dryer (ZiRBUS technology

GmbH, VaCo2, max. temp. -50 ℃, Germany). The following figure shows a schematic
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representation of the sample preparation process:

Figure 3.6: Preparation of the fine dried saffron extract powder

The fine dried saffron extract powder is used as the starting material (feed) for the elu-

tion procedures and separation studies, as well as for the preparative chromatography

based purification experiments .

3.3.1.2 Packing the Preparative Column

The most important part of the preparative system is the preparative column, which

was packed by ourselves in the Max Planck Institute for Dynamics of Complex Tech-

nical Systems, Magdeburg. The Dynamic Axial Compression, DAC, technique was

used to pack the column with 25 mm inner diameter (the packing material is from

the YMC company). To pack and obtain a DAC column, the following procedure

should be followed (see Figure 3.7):

1. Assemble the bottom part of the DAC column and place on the hydraulic packing

stand

2. Measurement of the length of the empty column, which was 16.51 cm

3. 42.7 g dry packing material was slowly poured into the empty column

4. Uncompressed piston length was 11.82 cm
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5. Assemble the upper end cap and compress the column up to 100 bar

6. Connect the HPLC pump. 0.5 mm tubing was connected to the outlet of the

pump, 1/8 inch tubing was connected to the inlet of the column, and 0.5 mm tubing

was connected to the outlet of the column

7. Flow isopropanol (HPLC grade) at 50 ml/min and waste effluent about 5 min

8. Recirculate effluent during 15 min

9. Stop the flow and compress the column to 100 bar, and then circulate again the

effluent at 50 ml/min (about 41-42 bar) for 5 min

10. Repeat Step 9 until the column was not compressed any more

11. Compressed piston length was 10.12 cm

12. Compressed column length was approx. 14.81 cm (16.51− (11.82− 10.12) cm)

Figure 3.7: DAC column (YMC-Triart C18-S, Lc = 148.1 mm, dc = 25 mm, 15 µm,
12 nm)

3.3.1.3 Preparative Column Efficiency

The performance of the packed column is evaluated using some test chromatograms.

As a first test, two milliliters of 5 g/l uracil (10mg uracil in 2 milliliters of 22% ethanol

in composition with water) was injected as t0 substance (Figure 4.25). Isocratic elution

was run with 22% ethanol/water (22% EtOH+78% water) at a flow rate corresponding

to the column diameter.
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In the second experiment, 2 ml of 50 g/l saffron extract solution (100 mg saffron

extract powder in 2 milliliters of 22% ethanol in composition with water) was injected

onto the preparative column (Figure 4.26). The developed three-step gradient elution

method (see Table 4.15) was run at the corresponding flow rate.

3.3.2 Analytical Scale

3.3.2.1 Isocratic Elution

In isocratic elutions, the composition of the mobile phase is kept constant. The

retention time of component i and column efficiency can vary with different mobile

phase compositions. For systematic method development, the retention behavior of

the components and their peak widths in different volume fractions of the modifier

(ethanol) (0.05 ≤ εL,mod ≤ 0.5) were studied by isocratic elutions. The mean retention

times of picrocrocin, crocin I, and crocin II were observed in different volumetric

fractions of ethanol (εL,mod) in composition with water (see Table 4.12). The dead

time of the column, texp0 , was measured experimentally as 1.12 min with total porosity

εtot = 0.5376 (section 4.3.1). It should be mentioned that the volumetric flow rate

of 1.2 ml/min is the reference flow rate since the height of the equivalent theoretical

plate, HETP , is minimized at this flow rate (see Figure A.1 in the Appendix).

This study provides a new analytical expression depending on the volumetric frac-

tion of the modifier for the calculation of Henry constants, as the thermodynamic

parameter, and band width, as the kinetic parameter (see Figures 4.19, 4.21 and

Eqs. 4.9, 4.10). These analytical expressions provide the basis for developing the

step-gradient elution conditions that can be used to shorten cycle time, increase pro-

ductivity and yield in the delivery of the three target molecules.

3.3.2.2 Step-Gradient Elution

To develop the step-gradient elution, the gradient range was restricted to the range

of the organic modifier (ethanol) studied in isocratic elutions (0.05 ≤ εL,mod ≤ 0.5).

At εL,mod=0.5, picrocrocin and crocins elute within two minutes, and the difference

between the retention times of the most and least retained components is less than

0.5 min, making the separation of three target components unlikely, while the tar-

get components are well separated at a volume fraction of 0.22 of the modifier (see

Figure 4.20). At a volume fraction of modifier less than 0.22, the crocins are prac-

tically not eluted and/or are undetectable (massive band broadening) because the

nonpolar part of the crocins structure, the polyene chain, tends strongly to the sta-

tionary phase and consequently low affinity to the mobile phase. On the other hand,

at the volume fraction of 0.22 of modifier, picrocrocin is eluted in five minutes and

sufficiently separated from the weakly retained undefined impurities. This is due to

the polar structure of picrocrocin, which has a low affinity for the stationary phase.
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This behavioral pattern of the components means that gradient elution, in which the

volume fraction of the modifier is modulated from 0.22 to 0.5, can lead to shorter

running time and higher productivity compared to isocratic elution. To accomplish

this purpose, a gradient elution with three steps was considered, which is relatively

simple and easy to implement (Figure 4.22, Table 4.15). The first two steps were de-

signed for the isolation of picrocrocin and crocins (types I and II), respectively. Since

the selectivity of the crocin I and crocin II is good enough to separate them in the

same mobile phase composition, a one-step gradient was sufficient to isolate them.

The third step was used to wash the strongly retained components as last impurities

(Crocin III-V and Safranal) and rinse the column. At the end, a third change is

required to re-equilibrate the column (see Figure 4.22).

3.3.3 Scale-Up and Preparative Chromatography

The developed three-step gradient elution was scaled up and implemented on a prepar-

ative scale. For this purpose, a preparative HPLC system with mobile phases (deion-

ized water and HPLC-grade ethanol, Sigma Aldrich, Germany), a preparative HPLC

pump (AP 250/500/1000, ARMEN INSTRUMENT, France), a manual injection sys-

tem, a preparative column (25 mm ID DAC column, Merck NW25, Germany), a

thermostat (LAUDA Ecoline Staredition RE304, Germany), a UV detector (L-2501,

Knauer, Germany), and a computer data station (Labview software, SMB interface),

were used (see Figure 3.8).

The pump unit (Max Flowrate: 250 ml/min, Max Pressure: 60 bar, 3 heads) is

connected to an additional module (ACC) containing a binary gradient former, a

through-pump-injection unit and a fraction collector (Figure 3.8A). All these devices

can be controlled by a keyboard associated with LED, an automate integrated in the

pump which execute memorized programs previously written by the user with the

keyboard, and a remote computer with appropriate software. It should be mentioned

that the injection unit with through pump is used only to pass the mobile phase,

while the fraction collector is inactive and fractionation is performed manually. The

following figure illustrates the hydraulic scheme (Figure 3.8A) and the real preparative

HPLC system (Figure 3.8B):
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Figure 3.8: Hydraulic schematic (see Figure A) and real preparative HPLC system
(see Figure B). Modules in Figure B include (1) mobile phases, (2) DAC-C18 column,
(3) UV detector, (4) manual injection system (injection unit 2), (5) detector outlet,
(6) AP 250/500/1000 pump, (7) ACC 250/500/1000, (8) thermostat (23 ℃)
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Results and Discussion

4.1 Preliminary Experiments

4.1.1 Stability of Components

The duration of stability of picrocrocin, crocin I and crocin II in different aqueous

solutions of ethanol is different. The stability study of these components in aqueous

ethanol solutions with low and high volume fraction of ethanol during 24 hours showed

the following results:

Figure 4.1: Stability study of picrocrocin (red circles), crocin I (blue diamonds), and
crocin II (green triangles) in a volume fractions of 0.22 (figure A) and 0.8 (figure B)
of ethanol in aqueous solution during 24 hours. DS = 1 g/l (Eq. 2.12)

Comparison of the concentration stability of picrocroicn, crocin I and crocin II in

0.22 and 0.8 volume fraction of ethanol shows that the stability of these compounds

is sufficiently long at higher ethanol percentages solutions. Therefore, in agreement

with the higher solubility and stability of picrocrocin and crocins, an aqueous solution

containing 80% ethanol was chosen.
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4.1.2 LC/MS Analysis

Preliminary separation of the components of the saffron crude extract was performed

on an analytical reversed-phase C18 column (YMC-Triart C18-S, 150×4.6mm, 15 µm,

12 nm) using segmented linear gradient elution with A→EtOH and B→water (see

Figure 4.2 and its caption). The mobile phase flow rate and injection volume were

1 ml/min and 5 µl, respectively. The highest absorbance wavelengths of picrocrocin

and crocins are 254 and 440 nm, respectively.

Figure 4.2: The chromatogram of the separated three major components of the saffron
crude extract. Reverse phase mode (C18) with segmented linear gradient elution. The
separation method is: 90% of B (0-5 min), 90% to 49% of B (5-50 min), 49% to 50%
of B (50-51 min) and 50% of B (51-55 min), 50% to 90% of B (55-56 min) and 90%
of B (56-60 min), λPC = 254 nm, λCI,CII = 440 nm

Mass analysis of picrocrocin, crocin I and crocin II in the separation profile de-

scribed above was performed using the online LC-MS-QTOF technique (Q-TOF-LC-

MS 6530, Agilent Technology, CA, US). In this analytical procedure, the flow rate

was 0.4 ml/min. The detected Ammonium adduct mass [M +NH4]
+ of picrocrocin

and sodium adduct masses [M + Na]+ of crocin II and crocin I were 348.2, 837.32

and 999.37 m/z, respectively (see Figures A.2, A.3, and A.4).

4.1.3 Calibration Curves

Pure picrocrocin, crocin I and crocin II were prepared at 6 different concentrations

and then injected onto the C18 column to measure the peak area and construct their

calibration curves. Detailed information is provided in the following table:
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Table 4.1: Concentrations of standard picrocrocin (PC), crocin I (CI), and crocin II
(CII) (g/l) used to construct their calibration curves. Vinj=5e−3 ml, λPC = 254 nm,
λCI,CII = 440 nm
Component (i) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

PC 1.96 0.98 0.49 0.24 0.13 0.061
CI 2 1 0.55 0.24 0.1 0.05
CII 1.93 0.96 0.48 0.24 0.12 0.06

Figure 4.3: Calibration plots of picrocrocin (plots A and B), crocin I (plots C and D),
and crocin II (plots E and F), λPC = 254 nm, λCI,CII = 440 nm

Thus, the calibration factor F̄ of each component was obtained from the slopes of

figures 4.3A,C, and E, which were 3e−5, 1e−5, and 9e−6 for picrocrocin, crocin I,

and crocin II, respectively. As explained, Eq. 3.8 shows the relationship between

the known input concentration, ci,inj, and the corresponding peak area based on

the provisionally determined parameters F̄ and tinj. Based on this relationship, the

unknown concentration of a sample can be calculated by the area of the peak (see
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Figure 4.3B,D,F). Therefore, these calibration plots were used for the concentration

analysis of the components in the extraction, separation, and purification experiments.

It should be noted that the analysis of the unknown concentrations must be performed

in the linear concentration range considered for each calibration curve.

4.2 Solid-Liquid Extraction

4.2.1 Preliminary Experiments

4.2.1.1 Pre-Extraction

Iranian saffron stigmas were processed into powder with a mortar and pestle. The

mass fractions of picrocroicn, crocin I, and crocin II in this unprocessed saffron

powder were 0.135, 0.225, and 0.0847 g0S,i/g
0
S, respectively. After a pre-extraction

step with Soxhlet, the final treated wet powder and extraction solution were dried

and weighed. The mass balance was confirmed.

Table 4.2: Pre-extraction by Soxhlet
Solvent Time [h] Temperature [◦C] Starting powder [g] Final powder [g]
DCM 7 40 10 9.02

Pre-extraction removes some non-polar and undesirable compounds from the saffron

powder, which contributes to a better extraction of the main components and does

not overcrowd the extract profile. Therefore, this treated saffron powder was used for

the next extraction experiments.

4.2.1.2 Exhaustive Extraction

The total mass fractions of the picrocrocin, crocin I and crocin II in the treated

saffron powder were obtained by exhaustive extraction:

Table 4.3: Measured total mass fraction and concentration of the main ingredients
of the Iranian saffron by exhaustive extraction technique. Mass of treated saffron at
zero time: m0

S=0.1 g0S, ρS = 389.3 g/l
Component (i) Total mass fraction, x0

i,S [g0i,S/g
0
S] (Eq. 2.4) qini [gini,S/l] (Eqs. 2.6, 2.8)

PC 0.15± 0.020 58.40
CI 0.25± 0.025 97.33
CII 0.094± 0.023 36.60

The results illustrate that almost 50 percent of the treated saffron powder contains

picrocrocin, crocin I and crcoin II.
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4.2.1.3 Kinetic and Equilibrium

In a single batch extraction process, the concentration analysis of the picrocroin,

crocin I and crocin II at regular time intervals led to the concentration-time curve.

From this curve, the kinetic and equilibrium parts of the extraction process can be

read (see Figure 4.4).

Figure 4.4: Concentration-time curves of crocin II (green triangles), picrocrocin (red
circles), and crocin I (blue diamonds). Dosage = 10 g/l, ε = 0.9882 (Table 3.1)

The above curves show that the different final values of the components reach similar

rates in a given time. For the given condition, the equilibrium states are reached in

10 min for picrocrocin, and almost in 15 min for both crocin I and crocin II. This

means that after 15 minutes the distribution of all components between liquid and

solid phases reaches the equilibrium state and the extraction process is practically

completed (for a closed batch extraction process). Thus, the kinetic part is between 0

and 15 minutes, the equilibrium time is 15 minutes, and the phase equilibria is after

15 minutes (see Figure 4.4). The concentration-time curves of these three components

in different dosages ([10 : 50] g/l) are in the appendix (see figures A.5, A.6, A.7). It

should be mentioned that the equilibrium concentration of each component in the

given dosage and epsilon is in agreement with the Eq. 2.30 and Eq. 2.40.

These data are very valuable and allow us to draw the equilibrium curve, estimate

the phase equilibrium and/or thermodynamic parameter, Ki,E, and determine the

extraction rate constant for each target molecule, keff
i , in the closed single batch

extraction process.
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4.2.2 Estimation of Phase Equilibrium

As explained, the NBa series of experiments was performed with different dosages (see

Table 3.1). Concentration analysis at the equilibrium time point for each dosage led

to the following equilibrium diagrams of the picrocrocin, crocin I, and crocin II (see

Figure 4.5):

Figure 4.5: Measured equilibrium concentration points of picrocrocin (red circles),
crocin I (blue diamonds), and crocin II (green triangles) from the closed single-batch
extraction procedure. x0

PC,CI,CII,S= Table 4.3. The points illustrate experimental
data and the fitted lines are the assumed linear phase equilibrium

It is worth mentioning that it is a strong assumption just to consider linear equilib-

ria between two phases. According to the linear equilibrium model, Eq. 2.13, the

slopes of the lines show that the partition coefficient of crocin II is smaller than that

of crocin I and picrocrocin, and the partition coefficient of crocin I is smaller than

that of picrocroicn, KCII,E<KCI,E<KPC,E. However, due to the different initial con-

centrations of these three components, x0
CI,S>x0

PC,S>x0
CII,S, the concentration of the

equilibrated liquid phase of them at low dosages (linear isotherm) is ceqCI>ceqPC>ceqCII .

As it is shown in Figure 4.5 there is non-linearity in the blue diamond points (equilib-

rium concentrations of crocin I) and green triangle points (equilibrium concentrations

of crocin II). To check how much reliable is the linearity assumption of the equilib-

rium constant (Ki,E), we designed and performed the second set of experiments (the

sequential batches extration experiments NSBa). The sequential batches extration

experiment (Figure 3.5) is similar to a discrete counter-current extraction procedure.
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In the following figure there are the theoretically (Eq. 2.30 and/or Eq. 2.40) and ex-

perimentally liquid phase concentration of crocin I in each extractor of the sequential

batches extraction process (Figure 3.5):

Figure 4.6: Theoretically and experimentally liquid phase concentration of crocin
I (CI) in each extractor of the sequential batches extraction process (Figure 3.5).
x0
i,S = 0.25 gi/gS (Eq. 2.4, Table 4.3), εest. = 0.9436 (Eq. 2.9), DS = 50 g/l (Eq. 2.12),

Ki,E = 0.66 (Table 4.6)

In the low dosages and low liquid phase concentrations there is a good fit between the

theoretical and experimental liquid phase concentrations. However, in high concen-

trations the differences of theoretical and experimental liquid phase concentrations

is increased. Therefore, these results illustrates how much reliable is the linearity

assumption of the equilibrium constant, which we believe it is relatively OK. The

comparison for the picrocrocin and crocin II are in the appendix figures A.8 and A.9.

Figure 4.7 shows theoretically (dashed lines) and experimentally (solid lines) concen-

trations lines of picrocrocin, crocin I and crocin II over extractors number 1, 3, 6, and

10 in the sequential batches extraction process (SBa) (Figure 3.5).
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Figure 4.7: Liquid phase concentrations of picrocrocin (red line), crocin I (blue line),
and crocin II (green line) over extractors number 1, 3, 6, and 10 in the sequential
batches extraction process (SBa) (Figure 3.5). The points illustrate experimental
data and the fitted lines are only a guide for the eyes

The results show that the concentration profile of the components turns to the con-

stant amount at higher dosages and/or in the extractors with highly concentrated

liquid phase (as the extractors 3, 6, and 10 (see Figures 3.5, 4.7)). Due to the error

propagation and also higher dosage in extractor number 10, the difference between the

theoretically concentration (dashed line) and experimentally ones is larger in higher

stages (see error bar percent at j=10 in the Figure 4.7). The sources of errors can

be related to the separation of solid and liquid phases, the initial dosage, and the

concentration analysis.

The magnitude of the errors is passed from row to row. To obtain an accurate and

realistic Ki,E for both batch and continuous processes, these errors must be taken

into account. They are included as the weight term Wn in the weighted least squares

calculation (Eq. 4.1). The weighted least squares method, also called weighted linear

regression, is a special case of generalized (ordinary) least squares in which knowledge

of the random errors and variance of the experiments is included in the regression [97].

When the standard deviation (errors) in the observations is not constant across all

categories of experiments and/or better to say there is a spread of errors, the weighted

least squares method with different weights proportional to the magnitude of the

errors leads to more accurate estimations. To estimate a reliable value for a particular

parameter, the objective function equation (OF , Eq. 4.1) must be solved and plotted

against that parameter. Where the derivative of the objective function in function of

a desired parameter is ZERO, the value of that parameter obtains [97]. In this study,

the phase equilibrium of component i (Ki,E) in the solid-liquid batch extractions of
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saffron is estimated by the weighted least squares method:

OF (Ki,E) =
N∑
j=1

IV∑
n=I

Wn

(
cexp.i,j − cthe.i,j (Ki,E)

)2
(4.1)

In this equation, the subscript j represents the number of extractors or stages, i.e.,

j = 1, N . The expression Wn refers to the weighting expression, which is different for

each category of extractors n, where the value of the weighting expression depends on

the size of errors. The expression cexp.i,j is the experimental concentration of component

i in the external liquid phase in extractor j at the equilibrium time. The solution

of the objective function equation requires the calculation of the concentration of

component i in the external liquid phase in function of phase equilibrium, cthe.i,j (Ki,E),

at the equilibrium time, which is obtained by the Eq. 2.32.

Therefore,the thermodynamic parameter (Ki,E) is estimated by substituting Eq. 2.32

into the Eq. 4.1 and solving the objective function equation in function of Ki,E. The

unknown parameter in the objective function equation is only Ki,E. Specifying differ-

ent thermodynamic parameter values will result in different values for the objective

function. If the derivative of the objective function as a function of Ki,E is ZERO, the

value of the thermodynamic parameter is obtained. Solving the objective function

equation requires special attention to the values of the weighting factor Wn. The

weighting term plays a key role in finding a realistic Ki,E value, and it should be con-

sidered according to the magnitude of the errors. In this study, due to the smallest

error in the closed single batch extractions, we considered these experimental data as

standard data with a constant weighting value equal to one, Wn = 1. However, if we

want to consider this constant value of the weighting term for all experiments, the

obtained Ki,E will not be realistic. This is due to the error propagation from row to

row in the sequential batches extraction experiments, which means we must consider

a different weighting value for each experiment. These weighting values are different

depending on the magnitude of errors in each row. On the other word, the weighting

value is decreased from the first to the fourth row (see Figure 3.5). We considered 8

variants of weighting values to cover all error possibilities. In the following table, you

can find detailed information about objective function calculations for crocin I:
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Table 4.4: Expressions of the objective function equation for crocin I. A,B,...,H =
Different variants of weight term. n: Class of weight term specific to each category of
experiments. Ba : Extraction procedure with one batch, SBa : Extraction procedure
with several sequential batches
Process No. (j) cexp.i,j Wn (n = I, IV ) Class (n)

- - A B C D E F G H -
1 0.1228 1 1 0 1 1 1 1 1 I
2 0.6085 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
3 1.2076 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

Ba 4 2.2442 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
5 4.3958 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
6 6.4981 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
7 8.6556 ∣∣ y y ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

NBa=8 10.7849 ∣∣ y y y y y y
NBa + 1=9 10.9185 ∣∣ 0 1

10 3.6726 ∣∣ ∣∣ ∣∣ 0.9 0.9 0.9 0.9 0.8 II
11 18.0652 ∣∣ ∣∣ ∣∣ y y y y y y
12 1.0919 ∣∣ ∣∣ ∣∣ 0.7 0.6 0.5 0.4 0.4 III
13 8.4371 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

SBa 14 20.9438 ∣∣ ∣∣ ∣∣ y y y y y y
15 0.3772 ∣∣ ∣∣ ∣∣ 0.4 0.3 0.2 0.1 0.1 IV
16 3.3748 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
17 10.7200 y y y y y y y y y

N = NBa +NSBa=18 18.0652

The information on picrocrocin and crocin II is in the Appendix (see Tables A.1, A.2).

Thus, the thermodynamic parameters for the picrocrocin, crocin I and crocin II in

the different variants of the weight term were:

Table 4.5: Thermodynamic parameters and/or phase equilibrium, Ki,E, in different
variants of weight term (A,. . . ,H)

- Variants Kpicrocrocin,E Kcrocin I,E Kcrocin II,E

A 1.19 0.66 0.5
Non-realistic B 0.97 0.59 0.5

C 1.21 0.66 0.5
D 1.11 0.66 0.52
E 1.09 0.66 0.53

Realistic F 1.05 0.66 0.54
G 1 0.66 0.55
H 1.01 0.66 0.54

It should be noted that the obtained Ki,E of variants A to C are not realistic. Because

the weighting value cannot be one for all experiments or zero for some experiments.

Figure 4.8 shows the objective function vs. thermodynamic paramter, Ki,E, for pi-

crocrocin, crocin I and crocin II in variant D:
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Figure 4.8: Objective Function vs. Thermodynamic Parameter for picrocrocin (red
points), crocin I (blue points) and crocin II (green points). Variant D

Therefore, to estimate a realistic Ki,E, variants D through H must be considered:

Table 4.6: Range of the thermodynamic parameter and its estimated average for each
component

Component (i) K̄i,E ∆Ki,E

PC 1.052 1:1.11
CI 0.66 0.66:0.66
CII 0.536 0.52:0.55

These estimated average Ki,E values were used to estimate the effective kinetic rate

constant of each component, keff
i , in the single-batch extraction process (see next

section (4.2.3)), and for the parametric studies of the dimensionless dynamic linear

rate-limited extraction model for the continuous counter-current extraction process

in the section 4.2.4.

4.2.3 Estimation of Kinetic Parameter

Estimation of the effective kinetic parameter of the picrocrocin, crocin I and crocin

II (keff
i ) in a closed single batch extraction process was obtained by solving the

equation 2.30. That is, the variant effective kinetic rate constant, keff
i , and time, t,

yields the calculated concentration-time curves. Finally, the kinetic parameters were

estimated by fitting the measured concentration-time curves from figure 4.4 to the

calculated curves (see Figure 4.9).
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Figure 4.9: Overlapping of the experimental concentration-time curve of crocin I
(blue diamonds from Figure 4.4) with the theoretical concentration-time curves (black
curves) (calculated by Eq. 2.30). Enrichment of the liquid phase. The arrow shows
the changes of the kinetic parameter from small to large values. Ki,E=0.66, x0

i,S=
0.25 g0i,S/g

0
S, DS=10 g/l

The overlapping curves of picrocrocin and crocin II are in the appendix (Figures A.10

and A.11). Comparison of the theoretical and experimental curves yielded kinetic

values of 0.49, 0.50, and 0.68 for crocin II, crocin I, and picrocrocin, respectively (see

Table 4.7).

Table 4.7: Estimated effective kinetic parameter keff
i , for picrocrocin, crocin I, and

crocin II
Component (i) Effective kinetic parameter,keff

i [1/min]
PC 0.68 [0.52:0.85]
CI 0.50 [0.33:0.67]
CII 0.49 [0.33:0.67]

Overall, the average effective kinetic parameter value of 0.5 was considered for crocin I

and crocin II, and 0.68 for picrocrocin. Based on this time-constant parameter, it can

be seen whether the process is fast or slow. After estimating the thermodynamic and

kinetic parameters, the continuous counter-current model was completed and used in

parametric studies for optimization in the next section. It is worth noting that in

the next section 4.2.4 the tilde terms of the thermodynamic and kinetic parameters

(K̃i,E, k̃
eff
i ) are used, which are the modified parameters as treated in Eq. 2.36 and

Eq. 2.37 by epsilon ε. From now so on we can use the Eq. 2.42 in the next sections.
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4.2.4 Parametric Study of the Continuous Counter-Current

Model

As it was mentioned in section 2.1.5, the dynamically controlled counter-current op-

eration for N-CSTR (Eqs. 2.42) includes five important parameters K̃i,E, k̃
eff
i , N , τ ,

and ε. By controlling these parameters, the productivity of the continuous counter-

current extraction process is predictable. Therefore, it is not trivial to perform the

parametric study for each parameter under reference values of other parameters to

evaluate the effectiveness of the model and the sensitivity of the physical process. It

also provides information about the range in which they affect the solution, i.e., the

limiting cases.

The solutions of Eq. 2.42 were obtained by a MATLAB code and plotted below.

The steady-state counter-current cascade model is used in this section for selected

reference parameters to illustrate characteristic effects and parametric sensitivities.

Before observing the influence of the parameters and comparing the different cases

with the reference operation, an example of graphs is given and explained as follows

(more details are in the Giang Truong Vu’s thesis, 2023).

Figure 4.10: The concentration development of component i in the liquid and
solid phases of counter-current operation. Green and blue points: solid and liquid
phases concentrations. Red points: productivity (Eq. 2.102) . Left: The pseudo-
homogeneous modified concentration as treated in Eq. 2.42; Right: The real concen-
tration arising ε dependent after splitting into two individual phases. Given parame-
ters: q̃ini = 0.5, qini = 1(Eq. 2.35), c̃ini = cini = 0, ε = 0.5, k̃eff

i = 1, K̃i,E = 1, N = 20,
τ = 5. The star points are derived from Kremser solutions (equilibrium controlled
counter-current operation) (Eqs. 2.49, 2.50), Elliptical red points: PFTR (Eq. 2.53)

The concentration evolution of two phases is plotted over the entire length of the

cascade characterized by the residence time τ (Eq. 2.41). The star-shaped points

represent a finite number of equilibrated stages N in the liquid and solid phases and

are calculated using equations 2.49, 2.50. The elliptical red points show the infinite

number of stages N (PFTR) in two phases, calculated according to equation 2.53.
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The next plots will illustrate the real concentrations ci and qi obtained by converting

the modified concentrations c̃i and q̃i according to Eqs. 2.34 and 2.35. The productiv-

ity, one of the most interesting parameter, is introduced in section 2.3.2 (Eq. 2.102)

and is also plotted as a red curve. Now the above mentioned important parameters

are brought into consideration. These parameters can be separately adjusted as in

Table 4.8.

Table 4.8: The relevant important parameters, reference values, and parameters range.
qini = 1 gi/l, c

in
i = 0 gi/l
Parameters Units Ref. values Varied range Figure

K̃i,E - 1 [0.1÷10] 4.11

k̃eff
i 1/min 1 [0.5÷10] 4.12
N - 20 [5÷80] 4.13
τ min 5 [0.5÷50] 4.14
ε - 0.5 [0.1÷0.9] 4.15

The following subsections present the influences of the important parameters on the

counter-current performance.

4.2.4.1 Influence the Phase Equilibrium, K̃i,E

The phase equilibrium (K̃i,E) is the thermodynamic parameter of the problem in the

counter-current extraction calculations. The following Figure 4.11 shows the influence

of the three values of the K̃i,E (in the middle is the reference value), under reference

values of other parameters (Table 4.8), on the liquid and solid phase concentration of

component i (ci,N ,qi,1), and subsequently on the productivity of extraction of compo-

nent i.

Figure 4.11: Sensitivity in case of phase equilibrium K̃i,E adjustment. Each plot cor-
responds to a specific value of K̃i,E and other parameters are kept at reference values
(Table 4.8). The blue and green curves represent the concentrations in the liquid
and solid phases, respectively. The red curve is for obtained amount of component
i, which is direct related to productivity. Reference parameters: qini = 1, cini = 0,
ε = 0.5, k̃eff

i = 1, N = 20, τ = 5

It is clear that the outlet liquid phase concentration of component i (ci,N) and the cor-
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responding productivity increase with the higher equilibrium distribution coefficient

K̃i,E and that the solid phase concentration qi,1 at the outlet subsequently decreases

more.

4.2.4.2 Influence the Effective Kinetic Parameter, k̃eff
i

Figure 4.12 illustrates the influence of the three values of the effective rate constant

on the liquid and solid phase concentrations and the corresponding productivity.

Figure 4.12: Sensitivity in case of effective kinetic paramtere k̃eff
i adjustment. Refer-

ence values of other parameters: Table 4.8

When the k̃eff
i is increased, the slops of compositions in the liquid phase (blue curves)

and the obtained amount for productivity (red curves) are steeper at the beginning

and are slightly increased at the outlet.

4.2.4.3 Influence the Number of Stages, N

Now, the influence of the three values of the number of stages N on the concentrations

and productivity is investigated (Figure 4.13).

Figure 4.13: Influence of number of stages N on the liquid and solid phase concen-
trations. Reference values of other parameters: Table 4.8

It is clear that a higher number of stages leads to a higher value of the concentration

of component i in the liquid phase at the output and to a corresponding productivity.

After 10 stages, the influence of N is no longer very impressive.
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4.2.4.4 Influence the Residence Time, τ

Furthermore, the influence of the three values of the residence time τ on the concen-

tration evolution is of interest. It shows whether the solid phase stays long enough

or the amount of component i in the waste. This behavior is shown in the following

figure 4.14.

Figure 4.14: Influence of the residence time τ on the outgoing concentrations and
productivity. Reference values of other parameters: Table 4.8

Increasing of residence time until reference value (τ = 5) leads to the higher outgoing

concentrations (see Figure 4.14B), however longer residence times have less influence

on the outgoing concentration than shorter residence time, which leads to the smaller

productivity (see Figure 4.14C).

4.2.4.5 Influence the Phase Ratio, ε

The phase ratio ε is a very important parameter for process performance. Following

figure 4.15 illustrates the influence of the three values of ε on the concentrations of

component i in both solid and liquid phases, and its productivity over the residence

time, τ .

Figure 4.15: Influence of the phase ratio ε on the outgoing concentrations and pro-
ductivity. Reference values of other parameters: Table 4.8

Low phase ratio means high amount of solid and low amount of solvent, which leads

to the concentrated liquid phase and small productivity (see Figure 4.15A), while the
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solid phase is still full of un-extracted components. When the phase ratio is half (see

Figure 4.15B), there is higher amount of extraction and corresponding higher produc-

tivity. When the phase ratio is quite high (see Figure 4.15C), it means high amount

of solvent and low amount of solid. In this case, the solid will be completely depleted,

however liquid phase is diluted due to the high amount of solvent, which decreases

the productivity. Hence, to have reasonable phase ratio with highest extraction pro-

ductivity, we need to move between 0.2 to 0.8 values for epsilon.

It should be mentioned that this is the effect of each parameter in the fixed other

parameters; and it is not the general effect of them. On the other hand, τ and ε are

not individual and they are connected to each other by the volume flow rate of liquid

and solid phases (V̇L and V̇S) in the countinious counter-current operation. It means,

when one of them changes, the other one also changes (see Eq. 2.9 and Eq. 2.41).

Therefore to have more realistic and reliable effect of residence time, τ , and phase

ratio, ε, on the outgoing concentration and productivity, we need to check their effect

at the same time by a two-loop study (see next section 4.2.5).

4.2.5 Batch and Continuous Counter-Current Operations for

the Parameters of the Case Study

Among the studied parameters in the above sections, phase ratio, ε, residence time,

τ , and operation parameter, N , are free paramters. However, the equilibium rate

constant, Ki,E, and extraction rate constant, keff
i , are coming from nature and are

nor changeable at the given temperature and specific solvent.

Before examining the effects of ε, τ , and N on the outgoing concentration, produc-

tivity, and recovery yield in both batch (Eq. 2.30) and counter-current (Eq. 2.42)

processes using the concrete numbers of the equilibrium rate constant Ki,E, the ex-

traction rate constant keff
i and the initial solid phase concentration qini (see Table 4.9),

it is better to check them first in a normalized concentration (see Eq. 2.55, Eq. 2.56)

to have a general attitude. Following table shows the concrete numbers of Ki,E, k
eff
i ,

and qini for the picrocrocin, crocin I and crocin II:

Table 4.9: Concrete numbers for equilibrium rate constant (Ki,E, from Table 4.6),

extraction rate constant (keff
i , from Table 4.7), and starting solid phase concentration

(qini , from Table 4.3) for picrocrocin (PC), crocin I (CI), and crocin II (CII)

Component i keff
i [1/min] Ki,E qini [gi/l]

PC 0.68 1.052 58.4
CI 0.50 0.66 97.33
CII 0.49 0.536 36.6

Now the effect of ε and τ at high enough operating parameter (N = 20) on the nor-

malized outgoing concentration, productivity and yield of component i (see Eq. 2.55,
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Eq. 2.56) in batch (Eq. 2.30) vs. counter-current (Eq. 2.42) processes can be checked

in one universal plot:

Figure 4.16: The effect of ε and τ on the normalized outgoing concentration,
productivity and recovery yield of picrocrocin in both batch (Ba) (Eq. 2.30) and
counter-current (CC) (Eq. 2.42) processes. keff

PC = 0.68 [1/min], KPC,E = 1.052,
qinPC = 58.4 [gPC/l], N = 20, ε in [0:1], τ in [0.001:15]

The operating parameter, N , and Damköhler number as a timescale parameter, (Da =

keff
i × τend) (see Eq. 2.45, Eq. 2.46), were considered large enough (Eq. 4.2) to reach

the highest concentration quantity:

DaPC = keff
PC × τend = 0.68× 15 = 10.2 >> 1 (4.2)

The Damköhler number is very instructive number, which includes the time needed to

carry out the extraction process (keff
PC ), and the residence time of the process (τend). It

is a very strong design parameter for the residence time (key parameter). Equation 4.2

shows that the Damköhler number should be more than 10 minutes, which is very

important design information. It means, based on the requested production rate of the

picrocrocin, crocin I, and crocin II, Damköhler number and corresponding residence

time tell how big should be the Machin.

Description of Figure 4.16:

1) Low phase ratios at the short residence times show small outgoing normalized

concentration, cnorm.
i , productivity, Prnorm.

i , and recovery yield, Y norm.
i , of component

i in both batch and counter-current processes.

2) High phase ratios at long residence times show high outgoing normalized concen-

tration, cnorm.
i , productivity, Prnorm.

i , and recovery yield, Y norm.
i , of component i in

both batch and counter-current processes.

3) Because of 1) and 2) it is reasonable to evaluate the concentrations for epsilons in

the range between 0.2 and 0.8 ([0.2:0.8]).

4) Higher concentration values are reached in counter-current operation compared to

batch processes for the same ε and τ .
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Now we can check the effect of the free parameters namely phase ratio (in [0:1]) and

residence time (in [0:15] min) at high enough operating parameter (N = 20) and con-

crete numbers of equilibrium rate constant (Ki,E), extraction rate constant (keff
i ), and

starting solid phase concentration (qini ) (see Table 4.9) on the real (dimensioned)

outgoing concentration, productivity and recovery yield for picrocrocin, crocin I and

crocin II.

Following figure illustrates the effect of different phase ratio and different residence

time at the same time (two-loop) on the real outgoing concentration (ci), productivity

(Pri) and recovery yield (Yi) of picrocrocin in batch (Ba) vs. counter-current (CC)

processes:

Figure 4.17: The effect of ε and τ (Eq. 2.43, Eq. 2.44) on the real (dimensioned)
concentration, productivity and recovery yield of picrocrocin in both batch (Ba)
(Eq. 2.30) and counter-current (CC) (Eq. 2.42) processes. keff

PC = 0.68 [1/min],
KPC,E = 1.052, qinPC = 58.4 [gPC/l], N = 20, ε in [0:1], τ in [0.001:15]. Star points:
Concentration, productivity and recovery yield in ε = 0.7 and τ = 5 [min] for the
special analysis based on independent experimental study. Red rectangles: Highest
productivity predicted in CC and Ba

Small value of the phase ratio means high amount of solid phase and low amount
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of liquid phase (High dosage) (Eq. 2.9), which leads to the high extract concen-

tration (dimensioned) of picrocrocin, at any residence time, and high productivity

(dimensioned), at short residence time, in both batch and continuous counter-current

extraction processes (Figures 4.17A1,B1,A2,B2). It should also be noted that long

extraction time means higher outgoing concentration (Figure 4.17A1), but lower pro-

ductivity (Figures 4.17A2,B2) and vice versa.

It is worth mentioning, according to the investigations of the influence of the residence

time and phase ratio in the subsections 4.2.4.4 and 4.2.4.5, the short residence time

leads to the high productivity (see Figure 4.14A), and the low phase ratio leads to the

low productivity (see Figure 4.15A). Due to the opposite effects of the low ε and short

τ on the productivity, it prevents to have Gaussian shape and creates a plateau for

the productivity in low ε at short residence time, τ , (red rectangles in Figures 4.17A2

and B2).

There is the highest productivity predicted for low epsilon at short residence time

in both counter-current and batch processes (see red rectangles in Figures 4.17A2

and B2). It corresponds to quick extraction with a very small amount of solvent, which

is not possible to implement in reality. Hence, it is better check the concentrations,

productivity and recovery yield in realistic values of epsilon in the range between 0.2

and 0.8 ([0.2:0.8]).

On the other hand, high value of phase ratio means high amount of solvent and low

amount of solid (low dosage), which leads to the low outgoing concentration and

productivity (see Figure 4.17A1,B1,A2,B2), but high recovery yield in both CC and

Ba (see Figures 4.17A3 and 4.17B3). Hence, high phase ratio and high residence time

lead to high recovery yield (see Figures 4.17A3 and 4.17B3), but low productivity (see

Figures 4.17A2 and 4.17B2), and vice versa. More figures for crocin I and crocin II

are in the appendix (Figures A.12 and A.13).

Therefore, we need to select special phase ratio and residence time with acceptable

productivity and high yield of target molecules.

More specific analysis based on independent experimental study

To check out the outgoing concentration of picrocrocin, crocin I and crocin II, and the

productivity and recovery yield of batch vs. counter-current operations with concrete

numbers, we picked up ε = 0.7 and τ = 5 [min] (the white and black star points

in Figure 4.17) from the independent work of empirical counter-current extraction

of Artimisinin (from Giang Truong Vu’s thesis, 2023) with repeatable and reliable

results. Table 4.10 shows the estimated outgoing concentration (ci) of the mentioned

components in batch vs. counter-current processes:
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Table 4.10: Esitimated outgoing concentration of picrocrocin, crocin I, and crocin
II in batch (Ba) vs. counter-current (CC) processes using real numbers. keff

PC,CI,CII-
= Table 4.9, KPC,CI,CII,E = Table 4.9, N = 20, ε = 0.7, τ = 5 [min]

Component i qini [gi/l] cBa
i [gi/l] (Eq. 2.30) cCC

i [gi/l] (Eq. 2.42)
PC 58.4 17.8 25
CI 97.3 25.3 40
CII 36.6 8.7 14.5

Hence, Figure 4.18 shows the liquid phase concentration evolution of picrocrocin,

crocin I, and crocin II based on the real values of the equilibrium rate constant param-

eter, Ki,E, the extraction rate constant parameter, keff
i , and the initial concentration

in solid phase, qini (xin
i,S, ρS), in both batch and counter-current processes.

Figure 4.18: Estimated liquid phase concentration evolution of crocin I (blue curve),
picrocrocin (red curve), and crocin II (green curve) in the continuous counter-current
extraction operation for N-CSTR (N = 20) (Eq. 2.42) vs. batch process (Eq. 2.30).
Blue, red and green elliptical points: estimated concentration of crocin I, picrocrocin,
and crocin II in batch extraction process (by Eq. 2.30), respectively. Blue, red, and
green dash lines are related to the equilibrium state of CI, PC, and CII in batch
extraction process (by Eq. 2.32), respectively. Given Parameters: see Table 4.9

As it is clear, the superiority of the continuous counter-current process is the ability

to exceed the equilibrium state of the batch extraction process and produce a higher

extraction amount of the components (Figure 4.18).

Now, the results for the specific system considered for the extraction of picrocrcin,
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crocin I and crcoin II from saffron powder in the composition solution 80% ethanol

plus 20% water can be summarized. The equations A1 (Eq. 2.43) and A2 (Eq. 2.44)

were used and they were validated in the independent work (Artimisinin project,

Giang Truong Vu’s thesis, 2023).

To compare the batch and continuous extraction methods, the estimated productiv-

ity and yield of picrocrocin, crocin I, and crocin II in the ”specific analysis” were

reviewed (method in Figure 4.18). The following table shows the estimated produc-

tivities and yields of picrocrocin, crocin I and crocin II for the closed batch vs.

continuous counter-current extraction procedures at ε = 0.7, τ = 5 min (star points

on figures 4.17A2,B2,A3,B3) (specific analysis):

Table 4.11: Comparison of the estimated productivity (by Eq. 2.99 (for Ba) and
Eq. 2.101 (for CC)) and recovery yield (by Eq. 2.104) of the closed batch (Ba) vs.
counter-current (CC) extraction procedures for picrocrocin, crocin I and II. Vtot =
1 l, V̇S = 0.046 l/min (Eq. 4.5), V̇L = 0.155 l/min (Eq. 4.6), ε = 0.7, τ=5 min

Component (i) PrBa
i [gi/min/l] Y Ba

i [%] PrCC
i [gi/min/l] Y CC

i [%]
PC 2.76 71.05 3.90 99.50
CI 3.92 60.63 6.20 95.71
CII 1.35 55.60 2.25 92.02

It is worth noting that the volumetric flow rate of the liquid phase, V̇L, in counter-

current mode was determined based on the phase ratio equation (Eq. 2.9):

ε =
V̇L

V̇L + V̇S

(4.3)

V̇L =
V̇S

1− ε
(4.4)

Substituting Eq. 4.4 into Eq. 2.41 and then rearranging gives the volume flow rate of

the solid phase , V̇S, in the counter-current process with assumed Vtot = 1 l:

V̇S =
Vtot(

1 + 1
1−ε

)
× τ

=
1 l(

1 + 1
1−0.7

)
× 5 min

= 0.046 l/min (4.5)

Therefore, the volume flow rate of the liquid phase was obtained as follows:

V̇L =
0.046 l/min

1− 0.7
= 0.155 l/min (4.6)

The results represent:

1) The estimated productivity of the CC process for the picrocrocin, crocin I and

crocin II are roughly 30% , 37% and 40% higher, respectively, than in the Ba process.
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It means, the superiority effect of the counter-current operation on the components

with lower equilibrium rate constant (crocin II) is higher. It is worth mentioning that

the estimated productivity of the batch process is based only on the extraction time

without considering the dead time. Therefore, due to the dead time (preparation time

for batch process), the real productivity of batch extraction process is lower than the

values estimated in the table 4.11.

2) Recovery yield of the CC process for the PC, CI, and CII are roughly 28% ,35%

and 36% higher than the Ba process, respectively.

3) Due to the larger amount of CI in the crude extract (qinCI > qinPC > qinCII) (see

table 4.9), the productivity of CI is higher than PC and CII (PrCI > PrPC > PrCII).

4) Due to the larger equilibrium rate constant for PC (KPC,E > KCI,E > KCII,E) (see

table 4.9), the recovery yield of PC is higher than CI and CII (YPC > YCI > YCII).

5) It should be mentioned that in real extraction process there are some trapped sol-

vent inside of the solid, which leads to the lower estimated productivity and recovery

yield. Therefore, the wet solid phase should be squeezed at the end of the extraction

time.

Last but not least, due to the high amount needed of saffron stigmas for the continuous

counter-current extraction operation, the validation of the counter-current extraction

process could not be done. It can be as an outlook project.

4.3 Solid-Liquid Chromatography

4.3.1 Total Porosity of the Column

As explained in the section 2.2.3.1, the determination of the total porosity εtot (Eq. 2.66)

of the packing material requires the column dead time t0, the volume of the empty

column Vc, and the volume flow rate of the mobile phase V̇L . The dead time of the

analytical column was experimentally estimated. Recording responses to pulse injec-

tions of a non-retained compound (uracil), a dead time texp.0 = 1.5 min was measured

at a flow rate of V̇L = 1.2 ml/min. However, after injecting the saffron crude extract

onto the column, the retention time of the initial weakly retained undefined impurity

was texp.0 = 1.12 min, which is even shorter than the retention time of uracil (as a

non-retained compound). To obtain more realistic and reliable results, the dead time

was considered based on the retention time of the initially detected undefined impu-

rity in the saffron crude extract separation profile. The total volume of the empty

column was V̇c = 2.5 ml (Lc = 150 mm, dc = 4.6 mm). Based on equation 2.66, the

total porosity of the analytical column was estimated as follow:
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εtot =
texp.0 × V̇L

Vc

=
1.12 min× 1.2 ml/min

2.5 ml
= 0.5376 (4.7)

4.3.2 Estimation of Phase Equilibria

Isocratic elution profiles were recorded to investigate the influence of the volume

fractions of the organic modifier, εL,mod, on the mean retention times of picrocrocin,

crocin I and coricn II, and subsequently on the Henry constants of them, Ki,H(εL,mod).

Following table 4.12 shows the influence of the volume fractions of the organic modifier

(ethanol), εL,mod, on the mean retention times of the components:

Table 4.12: The influence of different volume fractions of ethanol (εL,mod) on the mean
retention times (Figure 2.12) of picrocrocin (PC), crocin I (CI), and crocin II (CII)
in isocratic elution profiles. (YMC-Triart Prep C18-S, 150×4.6 mm, 15 µm, 12 nm).
texp0 =1.12 min, Vinj=5 µl, tinj=0.00416 min, V̇L=1.2 ml/min

Iso.∗ (εL,mod) tR,PC [min] tR,CI [min] tR,CII [min]
0.05 65.21 - -
0.1 21.19 - -
0.2 6 - -
0.22 4.99 94.52 210
0.24 4.32 53.11 121.9
0.26 3.74 31.35 70.87
0.28 3.28 18.45 41.01
0.3 2.94 11.31 24.28
0.32 2.67 6.89 14.08
0.34 2.47 4.54 8.73
0.36 2.3 3.24 5.78
0.38 2.17 2.46 4.01
0.4 2.06 2.02 3.03
0.45 1.89 1.52 1.93
0.5 1.8 1.36 1.36

Iso.∗: Isocratic elution

The recorded retention times in table 4.12 were used to estimate Henry constants for

each component by the Eq. 2.68:

dqi(ci)

dci
= Ki,H =

(
texpR,i

texp0

− 1

)(
εtot

1− εtot

)
(4.8)

The Henry constant is the linear adsorption equilibrium parameter (in isothermal

conditions and low concentrations). It can be used to develop and optimize a step-

gradient elution with short cycle times, appropriate separation factors, and high pro-

ductivities. Figure 4.19 shows the changes in Henry constants of picrocrocin, crocin I

and crocin II by different constant volume fractions of modifier (ethanol) in reverse

phase isocratic elutions.
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Figure 4.19: Henry constant vs. volume fraction of organic modifier (ethanol) in
reverse phase isocratic elutions. Henry constants were estimated by the Eq. 4.8 and
measured retention times. Picrocrocin (red line), crocin I (blue line) and crocin II
(green line). texp0 =1.12 min, V̇L=1.2 ml/min, Vc=2.5 ml, εtot=0.5376

Inspecting the curves of the Henry constants led to an empirical expression that

considers the effect of the volume fraction of the modifier:

Ki,H (εL,mod) = Aie
BiεL,mod + Cie

DiεL,mod (4.9)

In the above function, Ai, Bi, Ci, and Di are coefficients that can be adjusted to the

experimental results:

Table 4.13: Empirical coefficients in the equilibrium exponential function
Component (i) Ai Bi Ci Di

PC 243.8 -31.26 23.20 -8.13
CI 2.84e17 -176.10 3.66e4 -27.17
CII 9.26e4 -27.53 0.017 5.979

It should be noted that the volume fraction of ethanol was in the range from 0.05 to

0.5 for picrocrocin and in the range from 0.22 to 0.5 for the crocin I and crocin II

(Table 4.12). According to the empirical coefficients for the mentioned components,

figure 4.20 illustrates the evolution of the chromatograms in the space-time domain for

a column of length z = Lc = 15 cm for two different solvent compositions (εL,mod=0.22

and εL,mod=0.5) connected with Henry constants.
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Figure 4.20: Effect of high and low volume fraction of organic modifier (ethanol)
on retention times of picrocrocin (red line), crocin I (blue line) and crocin II (green
line) in isocratic elutions. Figure A: εL,mod=0.5, tR,PC=1.8 min, tR,CI=1.36 min,
tR,CII=1.36 min. Figure B: εL,mod=0.22, tR,PC=4.99 min, tR,CI=94.52 min,
tR,CII=210 min

The slopes of the lines in Figure 4.20A and 4.20B represent the linear migration rates

of picrocrocin, crocin I, and crocin II at high and low concentrations of the organic

modifier (ethanol), respectively.

The exponential function (Eq 4.9) will be used in section 4.3.4 to predict the retention

times of the components in each volume fraction of the modifier (by Eqs. 2.62, 2.63),

and also to develop a three-step gradient elution minimizing cycle time and maximiz-

ing productivity.

4.3.3 Estimation of Kinetic Parameter

The number of theoretical plates is considered as the key kinetic parameter (see

Eq. 2.73 and figure 2.12). The following figure 4.21 shows the bandwidths at the base

of the peaks of picrocrocin, crocin I and crocin II in isocratic elutions in different

volume fractions of the modifier ethanol:
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Figure 4.21: Effect of different volume fraction of ethanol (isocratic elution) on the
bandwidth at the peak base of the picrocrocin, crocin I and crocin II

The study of the peak width of the above mentioned three components under isocratic

elutions was used to parameterize an empirical expression depending on the volume

fraction of the modifier to calculate the band width at the peak base of each component

as a kinetic parameter:

wbase,i (εL,mod) = Aie
BiεL,mod (4.10)

The empirical coefficients of the above function, and the range of the number of

theoretical plats (N(εL,mod)) are:

Table 4.14: Empirical coefficients in the kinetic exponential function and the number
of theoretical plates, in different εL,mod, for picrocrocin, crocin I and crocin II
Component (i) Ai Bi εL,mod wbase,i [min] tR,i [min](table 4.12) N(εL,mod)(Eq. 2.73)

PC 21.83 -12.68 [0.05:0.5] [12:0.5] [65.21:1.8] [473:208]
CI 669.20 -15.67 [0.22:0.4] [20:1] [94.52:2.02] [358:66]
CII 1002 -15.78 [0.22:0.4] [30:1.4] [210:3.03] [784:75]

The peak width or number of theoretical plates is representative of column efficiency.

The column efficiency is used to account the band broadening in the real separation

profile and to avoid band overlapping between peaks or two injections. Based on

the assumption (I), the column efficiency was considered constant for isocratic and

gradient elutions. However, for gradient elutions, there were some differences that

were empirically adjusted.
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4.3.4 Analytical Three-Step Gradient Elution

As mentioned in the subsection 3.3.2.2, a stepwise elution with three main steps is

considered, which is relatively simple and easy to implement. In this step-gradient

elution, picrocrocin, crocin I, crocin II, and final impurities are illustrated with red,

blue, green, and purple colors, respectively.

The first step is to separate picrocrocin from the weakly retained undefined impuri-

ties. According to the results of isocratic elution with a volume fraction of 0.22 of

ethanol, picrocrocin is separated from the initial undefined impurities and eluted from

the column within five minutes (see Table 4.12). In this step, the weakly retained

impurities are separated from picrocrocin and eluted in 2.5 minutes (see Figure 4.23).

For an injection volume of 5 µl of the crude extract solution (5 g/l) with an injection

time of 0.00416 min (∆tinj) and dead time 1.12 min (t0), the ideal first switching

time tidealsw,1 results from Eq. 2.84. Considering the column efficiency for picrocrocin by

Eq. 4.10 (2σPC=0.6 min) and according to the assumption (I) (equality of column

efficiency for isocratic and gradient elutions), the real first switching time, trealsw,1, was

4.58 min (Eq. 4.11):

trealsw,1 = tidealsw,1 + 2σPC = 3.98 + 0.6 = 4.58 (4.11)

Other target molecules, crocin I and crocin II, still remain in the column. To accel-

erate the migration rates of crocins I and II, the organic modifier content must be

increased. To achieve sufficient separation between crocin I and II with acceptable

elution time in the second gradient step, the volume fraction of organic modifier for

the second step, εL,mod,2, was chosen to be 0.3. Indeed a higher volume fraction of

the modifier in this step can lead to higher productivity but for low concentration

injections. It means, a high volume fraction of modifier in step 2 results a small

separation factor between crocin I and II, as well as low throughput and/or volume

injection, generally leading to low productivity. Therefore, the gradient elution with

εL,mod,2=0.3 was chosen, which had a reasonable separation factor, acceptable cycle

time, high throughput, and acceptable component productivities.

According to the space and time intersections for crocin II at the ideal first switching

time point (z∗ and t∗ in figure 4.22B, Eq. 2.92 and Eq. 2.93), the ideal second switch-

ing time point, tidealsw,2 , is easily determined by the Eq. 2.95. Considering the column

efficiency for crocin II by Eq. 4.10 (2σCII=4.5 min) and according to the assumption

(I), the real second switching time, trealsw,2, was 31.23 min (Eq. 4.12):

trealsw,2 = tidealsw,2 + 2σCII = 26.73 + 4.5 = 31.23 (4.12)

In the next step, the volume fraction of the organic modifier, εL,mod,3, was chosen to be
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0.5, which is the largest value performed in isocratic elutions and suitable to wash out

all remaining impurities. Due to the undetectable peaks and/or overlapping peaks

of the terminal impurities in different volume fractions of the modifier in isocratic

elutions, it was not possible to study their migration rate as an individual peak.

Therefore, we could only estimate the Henry constant of the terminal impurities as

a peak at a volume fraction of 0.5 of the modifier. Hence, the Henry constant of

terminal impurities KH,Imp. estimated 3.5, which obtains by the Eq. 2.68. Thus, we

assume that the terminal impurities are at the top of the column and do not move in

the column during the first and second steps of the step-gradient elution. Therefore,

the ideal third switching time would be the following:

tidealsw,3 = tidealsw,2 + tR,Imp. − t0 = tidealsw,2 + t0 (1 + FKH,Imp. (εL,mod,3))− t0 = 30.1 (4.13)

Considering an empirical safety margin as column efficiency for the terminal impu-

rities (2σImp.=3 min), the real third switching time, trealsw,3, was 33.1 min (Eq. 4.14):

trealsw,3 = tidealsw,3 + 2σImp. = 30.1 + 3 = 33.1 (4.14)

The last step is the equilibrium step, where the volume fraction of the modifier is

reset to the first step (εL,mod,1=0.22). Under ideal conditions, the equilibrium time is

equal to the dead time, (tidealeq = t0 = 1.12 min), which leads to the following ideal

cycle time:

∆tidealcyc = tidealsw,3 + tidealeq = tidealsw,2 + t0 (1 + FKH,Imp. (εL,mod,3)) = 31.22 (4.15)

However, due to the limited mass transfer rate and non-ideal fluid dynamics, the

time required for the equilibrium step is longer than the dead time. To ensure that

the peaks of two consecutive injections do not overlap, the time for the equilibrium

step was set to almost 4.5-fold the dead time (trealeq = 5 min), which was determined

empirically. Therefore, the actual total cycle time, ∆trealcyc , was roughly 38 min:

∆trealcyc = trealsw,3 + trealeq = 33.1 + 5 = 38.1 (4.16)

The predicted three-step gradient trajectories of picrocrocin, crocin I, crocin II, and

terminal impurities with ideal switching times tidealsw,j (ideal separation profile) illus-

trated in the following figure 4.22A.
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Figure 4.22: Graphical representation of the predicted three-step gradient elu-
tion (ideal separation profile). Picrocrocin (red line), crocin I (blue line), crocin
II (green line), terminal impurities (purple line). εL,mod,1,2,3=0.22, 0.3, 0.5.
tR,PC,CI,CII,Imp.=5.09, 15.31, 28.1, 31.22 min. tidealsw,1,2,3=3.98, 26.73, 30.1 min.
∆tidealcyc =31.22 min. Figure A: Diagram of the total trajectory. Figure B: Zoomed
trajectory diagram around the first ideal switching time tidealsw,1

The following table contains the estimated ideal and real switching times for the

developed three-step gradient elution method:

Table 4.15: Developed three-step gradient elution along with ideal and real switching
times, V̇L=1.2 ml/min

Step j (j = 1, N) εL,mod,j tidealsw,j [min] trealsw,j [min]

Step 1 0.22 3.98 4.58
Step 2 0.30 26.73 31.23
Step 3 0.50 30.10 33.10

Equilibrium 0.22 tidealend =31.22 trealend=38.10

The following figure 4.20 illustrates the real separation profile of the saffron crude ex-

tract (in analytical column) using the developed three-step gradient elution method

with real switching times trealsw,j:
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Figure 4.23: Real separation profile of the saffron crude extract by the selected three-
step gradient elution (Table 4.15) in analytical scale. Red, blue, green, and purple
dash-lines: fractions of picrocrocin (PC), crocin I (CI), crocin II (CII), and terminal
impurities, respectively. Three overlapping low concentration injections (ccrudeinj =1 g/l,
Vinj=5 µl, ∆tinj=0.00416 min). Reverse phase chromatography (YMC-Triart Prep
C18-S, 150×4.6 mm, 15 µm, 12 nm). V̇L=1.2 ml/min, t0=1.12 min, tR,PC=5.1 min,
tR,CI=16.2 min, tR,CII=27.7 min, tR,Imp.=35.4 min, ∆texp.cyc =40.1 min

Due to the different band broadening (column efficiency) in gradient elution compared

to isocratic elution, the peak width of crocin II was narrower in gradient elution than

in isocratic elution, resulting in complete elution of crocin II before the predicted real

second switching time trealsw,2 = 31.23 min, whereas this is not the case for picrocrocin

in the first step due to isocratic elution in this step (see Figure 4.23). This difference

in column efficiency and band broadening for crocin II in step-gradient elution is

compensated by a broadened band when high concentrations (and/or large injection

volumes) are injected.

On the other hand, to complete elution of the terminal impurities, the estimated real

third switching time (trealsw,3) was empirically set 2 minutes longer. This is due to the

higher affinity and retention of the terminal impurities in the step-gradient elution

(see Figure 4.23). Therefore, the final cycle time was set 2 minutes longer than the

estimated one (∆texp.cyc =40.1 min).

Therefore, the three-step gradient elution test on the analytical C18 column was

performed as shown in the figure 4.23. Three consecutive runs were performed on

an analytical scale with good reproducibility (see Figure 4.23). Thus, the designed
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three-step gradient elution, which was based on the assumption of a linear isotherm,

was empirically validated (see predicted and empirical retention times of components

in table 4.16).

Table 4.16: The predicted and experimental retention times of picrocrocin, crocin
I, crocin II and final in the developed three-step gradient elution method. pred.:
prediction, exp.: experimental, V̇L=1.2 ml/min

Component (i) tpred.R,i [min] texp.R,i [min]

PC 5.09 5.10
CI 15.31 16.20
CII 28.10 27.70
Imp. 31.22 35.40

As can be seen, the difference between the predicted and experimental retention times

for terminal impurities is nearly 4 minutes. Since it is not easy to obtain an accu-

rate Henry constant for terminal impurities (a variety of impurities), this difference

is between the predicted retention time and the experimentally determined reten-

tion time, and consequently between the estimated real third switching time and the

experimentally determined third switching time.

Last but not least, since large volumes and high concentrations of feed are injected

on a preparative column, the condition of volume and concentration overload must

first be studied on an analytical column. When a large volume of feed solution was

injected (see Figure 4.24), the elution bands of the target components were broadened

and eluted slightly earlier (nearly 0.3min for PC, 1min for CI, and CII) than for low

concentration injections, which means the isotherms in high concentration injections

are nonlinear. To account for the nonlinearity, band broadening, and to ensure that

the peaks would not overlap, the volume and concentration overload condition were

optimized empirically (see Figure 4.24). The other parameters such as selectivity,

retention factors, and resolutions [111] are listed in the Appendix tables A.3 and A.4.
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Figure 4.24: Real separation profile of saffron crude extract by the developed three-
step gradient elution on the analytical column. Red, blue, green, and purple dash-
lines: fractions of picrocrocin (PC), crocin I (CI), crocin II (CII), and terminal impuri-
ties, respectively. Overloaded injection (ccrudeinj =75 g/l, Vinj=0.167 ml, tinj=0.15 min).

V̇L=1.2 ml/min, texp0 =1.12 min, tR,PC=4.8 min, tR,CI=15.2 min, tR,CII=26.2 min,
tR,Imp.=35.4 min, ∆trealcyc =40.1 min

Since we chose step gradient conditions with relatively large resolutions, up to 12.5mg

of the feed mixture (saffron dry crude extract) can be separated with 2.5 ml column

volume. The expected throughput is 7.5 g/h/l (mass of feed mixture/time for sepa-

ration/volume of column).

4.3.5 Preparative Column Efficiency

The performance of the packed preparative column can be assessed by a test chro-

matogram. As a first test, 10 mg of uracil was dissolved in 2 ml of 0.22 volume

fraction of ethanol in aqueous solution, and injected as t0 substance. An isocratic

elution was performed using 0.22 volume fraction of the organic modifier ethanol at

a flow rate appropriate for the column diameter (35 ml/min):
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Figure 4.25: Pulse injection of uracil as non-retained substance on the packed prepar-
ative column (YMC-Triart Prep. C18, Lc=148.1 mm, dc=25 mm, 15 µm, 12 nm).
V̇L=35 ml/min (Eq. 2.80), texp0 =1.5 min, λ=254 nm

Three injections of uracil were repeatable, and the peak shapes were nearly Gaussian.

In the second assay, 100 mg of saffron crude extract powder was dissolved in 2 ml

ethanol/water solution (22%EtOH,78%water) and injected onto the preparative col-

umn. The HPLC separation method was the developed three-step gradient elution

(see Table 4.15) at a flow rate of 35 ml/min (Eq. 2.80) corresponding to the column

diameter:
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Figure 4.26: Separation profile of the saffron crude extract on the packed preparative
column. V̇L=35 ml/min (Eq. 2.80)

Retention times, bandwidth, and number of theoretical plates for picrocrocin, crocin

I, and crocin II on the preparative packed column are shown in Table 4.17:

Table 4.17: Retention time, band width, and number of theoretical plates for picro-
crocin, crocin I, and crocin II on the packed preparative column, V̇L=35 ml/min,
λ=254 nm between 0 and 8 min, λ=440 nm between 8 and 45 min

Component (i) tR,i [min] wbase [min] N̄i (Eq. 2.73)
PC 5.43 2.35 86
CI 17.06 6.021 129
CII 28.8 9.57 145

Separation profile, column efficiency (number of theoretical plates, N̄i) and peak shape

show good acceptable quality of the packed preparative column. The separation

behavior is quite similar to the separation profile in the analytical chromatogram

(see Figure 4.23), and it is repeatable. The retention times and band broadening

of the components are slightly longer and broader than for the analytical column,

especially for the more retained components, i.e. crocin II and the terminal impurities

(crocin III − V and safranal), which means more affinity and retention of them on

to the packing of the preparative column that led to a bit longer cycle time (45min).

However, this is completely acceptable. Therefore, the packed preparative column

was qualified for the preparative chromatography based purification.
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4.3.6 Preparative Three-Step Gradient Elution Based Purifi-

cation

To scale-up a chromatographic separation process, a large-volume column is used to

increase the production rate. The equation 2.80 was used for scaling-up the analytical

conditions to the preparative scale.

(
Lcd

large
c

Lcdsmall
c

)2

=
V̇ large
L

V̇ small
L

=
V large
inj

V small
inj

(4.17)

With approximately the same column length, the volumetric flow rate, V̇L, and the

injection volume, Vinj, for the preparative scale (Lc=148.1 mm, dc=25 mm) are as

shown in Table 4.18.

Table 4.18: Scaling of parameters from analytical to preparative chromatography
(using Eq. 4.17). Developed three-step gradient elution method. Reverse phase
chromatography (YMC-Triart Prep C18-S 150×4.6 mm (analytical column) and
148.1×25 mm (preparative column), 15 µm, 12 nm), ccrudeinj = 75 g/l, ID: Inner
diameter

Scale ID [mm] V̇L [ml/min] Vinj [ml] mcrude
inj [mg]

Analytical 4.6 1.2 0.167 12.52
Preparative 25 35 5 375

It should be mention that the term ”crude” connect to the extraction section. In

principle it comes from crude extract, which was discussed in the extraction section.

Performing the developed three-step gradient elution (see Table 4.15), with the scaled

up injection volume and volumetric flow rate (see Table 4.18), on the packed prepar-

ative column gave the following separation profile of the saffron crude extract:
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Figure 4.27: Preparative separation of saffron crude extract by the developed three-
step gradient elution (εL,mod,j = 0.22, 0.30, 0.50) (see Table 4.15). YMC-Triart Prep
C18 (Lc=148.1 mm, dc=25 mm, 15 µm, 12 nm). V̇L=35 ml/min, tinj=0.15 min,
t0=1.12 min, tR,PC=4.7 min, tR,CI=14.8 min, tR,CII=25.5 min, tR,Imp.=38.5 min,
∆texp.cyc = 45 min

As explained earlier, due to the effects of components on each other in the high

concentration and large volume of the injection solution, nonlinear chromatography

occurs on a preparative scale. Based on the assumption (II), we assumed that there

is no nonlinearity in the overloaded injections. However, in reality, we found a shift

in retention times (earlier elution), increasing band broadening, and different shapes

of band profiles. The retention times of PC, CI, and CII were 0.4, 1.4, and 2.2 min

shorter, respectively, for nonlinear chromatography (see Figure 4.27) than for linear

chromatography (see Figure 4.23). The effect of nonlinearity on picrocrocin is smaller

than for crocin I and crocin II. The reason for this difference is the sugar-like struc-

ture of picrocrocin as a monoterpene glycoside. The adsorption isotherms of some

sugars are approximately linear in all concentration ranges [111, 119]. Therefore, the

second and third switching times were empirically modulated slightly due to earlier

elution, greater band broadening, and slightly different retention of terminal impu-

rities on the large column. Therefore, the total cycle time at the preparative scale

is 5 min longer than at the analytical scale. It is worth noting that the maximum

absorbance wavelengths of picrocrocin and crocins are 254 nm and 440 nm, respec-
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tively. Therefore, the selected wavelength of the detector is 254 nm between zero

and eight minutes, after which the wavelength is switched to 440 nm. At the end,

the fractions of the picrocrocin, crocin I and crocin II were collected manually. The

collected fractions were concentrated to less than 100 ml using an industrial rotary

evaporator (BUCHI, Switzerland) and then converted into pure fine powders using

a freeze dryer (ZiRBUS technology GmbH, VaCo2, max temp -50℃, Germany) (see

Figure 4.28). At the end, picrocrocin powder (with 98.34% purity) had light yellow

color, crocin I powder (with 98.3% purity) had red color and crocin II powder (with

96.64% purity) had deep red color.

Figure 4.28: Schematic representation of the drying process of the collected fractions
picrocrocin, crocin I, and crocin II from the preparative HPLC

4.3.7 Performance Evaluation of the Chromatography Pro-

cess

4.3.7.1 Preparative Three-Step Gradient Elution

The developed three-step gradient elution was used to improve throughput and shorten

cycle time to maximize productivity with acceptable product purity and recovery

yield of target components. This elution method was scaled up to the prepar-

ative scale (by Eq. 4.17) and implemented on the large column with dimensions

Lc=148.1 mm, dc=25 mm, resulting in the following productivity (Eq. 2.99), percent-

age yield (Eq. 2.103), and purity (Eq. 2.98) of the collected fractions of picrocrocin,
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crocin I, and crocin II:

Table 4.19: Productivity, percentage yield, and purity evaluation of the collected
fractions of picrocrocin, crocin I, and crocin II on a preparative scale (Prep).
ccrudeinj =75 g/l, Vinj=5 ml, mcrude

inj =0.375 g, ∆texp.cyc =45 min, mAds.=42.7 g, Vc = 0.073 l.
coll.: collected
Component (i) ci,inj [g/l] mi,inj [g] mi,coll [g] PrPrep.

i [gi/day/gAds] PrPrep.
i [gi/min/l] Y Prep.

i [%] PuPrep.
i [%]

PC 11.25 0.05625 0.05371 0.040 0.016 95.5 98.34
CI 18.75 0.09375 0.09187 0.069 0.028 98 98.30
CII 7.05 0.03525 0.03313 0.025 0.010 94 96.64

It should be mentioned that due to the larger amount of crocin I in the crude extract

(feed), it has higher productivity than picrocrocin and crocin II, and for same reason

the productivity of picrocrocin is larger than crocin II (PrPrep.
CI > PrPrep.

PC > PrPrep.
CII ).

4.4 Comparison of the Extraction and Chromatog-

raphy Processes

The following table provides a summary of the achieved purity, productivity, and yield

of picrocricn, crocin I and crocin II for the extraction and chromatography processes

studied experimentally:

Table 4.20: Summary of performance evaluations in continuous counter-current ex-
traction and chromatography (three-step gradient) processes

Process Component (i) PuProcess
i [%] PrProcess

i [gi/min/l] Y Process
i [%]

PC 14.9 3.90 99.5
Extraction (Extr.) CI 23.9 6.20 95.71

CII 8.3 2.25 92.02
PC 98.34 0.016 95.5

Chromatography (Chrom.) CI 98.30 0.028 98
CII 96.64 0.010 94

The results achieved contribute to provide productivities of the two processes (see

Table 4.20) studied alone. It also allows to evaluate options to connect them. The

process specific productivity is:

PrProcess
i =

ṁProcess
i

V Process
(4.18)

Direct coupling of the extraction (Extr.) and chromatography (Chrom.) processes

requires:

ṁExtr.
i = ṁChrom.

i (4.19)
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Therefore, an ”Expansion Ratio (ER)” of the chromatographic column volume com-

pared to the continuous counter-current extraction column volume (V Chrom./V Extr.)

can be estimated as follows:

ERi =
V Chrom.

V Extr.
=

PrExtr.
i

PrChrom.
i

(4.20)

Using the productivities of table 4.20, the expansion ratios, ERi, for picrocrocin,

crocin I, and crocin II will be roughly 244, 222, and 225, respectively. Hence, to

make a continuous connection between the extraction and chromatography processes,

the chromatographic column volume should be more than 200 times bigger than the

volume of the continuous counter-current extraction apparatus.

At the end, depending on requested productivity of picrocrocin, crocin I, and crocin

II (defined certain job from the harvest), and considering the obtained productivity

determines the necessary size of the counter-current machine. Then, utilizing the ex-

pansion ratio, ERi, and the estimated volume of the large counter-current apparatus,

the volume of the preparative chromatography column can be determined.

Matching the two productivities in continuous counter-current and chromatography

would mean to match the scales. We can have a faster process (extraction) and a

slower process (chromatography). The first requires a smaller equipment and the

second a bigger equipment.
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Conclusions and Outlook

In this study, the provision and productivity of extracting from saffron and further

purifing of picrocroin, crocin I and crocin II were investigated during extraction and

chromatographic based purification processes.

Well-established knowledge regarding extraction processes, in general, is used to gen-

erate estimates of extraction productivities for the case considered and to compare

different process options. Here, in this study, we reported results of improving the

access to the three main and effective ingredients of saffron, namely picrocrocin (PC),

crocin I (CI), and crocin II (CII) by performing single-stage batch extraction, then

multiple sequential batches extraction steps. These experiments provided a basis for

estimating the essential phase equilibrium of the components and evaluating their ex-

traction kinetics. Based on this quantitative description of the fundamental aspects of

the extraction process namely thermodynamics and kinetics constants, it was possible

to quantify more advanced and productive extraction processes such as a continuously

operated counter-current process that is suggested and modeled herein.

The results show that the productivity of the target components is higher in the con-

tinuous counter-current extraction than in the batch extraction methods. This is due

to the potential of overcoming thermodynamic limitations due to CC operation. This

is due to the throughput and time of the process, which is continuously improved in the

counter-current method, resulting in higher productivity. The estimated productivity

of picrocrocin, crocin I, and crocin II in the counter-current (CC) method were 3.9,

6.2, 2.25 gi/min/l, respectively. Different productivity of the components is due to the

different feed composition. The estimated productivity in CC process for picrocrocin,

crocin I and crocin II were respectively 30%, 37%, and 40% higher than the estimated

ones in the batch extraction method. This different percents in CC process is due to

the different thermodynamic values of components (KPC,E > KCI,E > KCII,E), which

leads to the higher potential of overcoming thermodynamic limitations of CC process

on the component with smaller thermodynamic value (crocin II) (see Figure 4.18).
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The estimated recovery yield of picrocrocin, crocin I and crocin II in CC process were

99.50%, 95.71% and 92.02%, respectively. This is due to the higher thermodynamic

value of picrocrocin than crocin I and crocin II (KPC,E > KCI,E > KCII,E), which

leads to the higher recovery yield of picrocrocin than crocin I and crocin II (YPC >

YCI > YCII). The recovery yield of picrocrocin, crocin I and crocin II in the CC process

were respectively 28%, 35%, and 36% higher than that in the batch extraction process.

This is again due to the different thermodynamic values of components (KPC,E >

KCI,E > KCII,E), which leads to the higher potential of overcoming thermodynamic

limitations of CC process on the component with smaller thermodynamic value (crocin

II) (see Figure 4.18).

In the solid-liquid chromatography separation method, isocratic and gradient elutions

were used for the separation and purification of the picrocrocin, crocin I, and crocin

II from saffron crude extract. For systematic method development, the retention

behavior of the components and their peak widths in different volumetric fractions of

modifier (ethanol), εL,mod, were studied by isocratic elutions on a C18 column. In other

words, the isocratic elutions were intended to investigate the influence of the different

volume fractions of the organic modifier, εL,mod, on the Henry constants of picrococin,

crocin I and II, Ki,H(εL,mod). The Henry constant is known as an isothermal linear

equilibrium parameter used to develop and optimize the three-step gradient elution

with shorten cycle time, appropriate separation factors, and high productivity. The

validated developed three-step gradient elution was scaled up to the preparative HPLC

to increase the production rate of the components. The productivity of the both

analytical and preparative HPLC columns for the picrocrocin, crocin I and crocin

II were 0.016, 0.028, and 0.010 gi/min/l, respectively, which showed more higher

production rate of preparative column than the analytical one. The recovery yield

of the collected fractions of picrocrocin, crocin I, and crocin II from the preparative

HPLC column were 95.5%, 98%, and 94%, respectively. The purity of the collected

fractions of picrocrocin, crocin I and crocin II were 98.34%, 98.30%, and 96.64%,

respectively.

Therefore, There is a tools for both scaling up things for that same volume there is a

higher productivity of performing the extraction to get it out, then later to purify it

by chromatography. Finally, as an outlook:

1) The experimental validation of the continuous counter-current extraction process.

It should be performed as the next study.

2) Investigation of the nonlinearity of the extraction and preparative chromatography

processes, and the corresponding models.

3) The continuous chromatographic techniques, such as SMB, can be used for the

continuous purification with higher productivity.
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Appendix

A.1 Additional Tables for Both Separation Tech-

niques

The following tables A.1 and A.2 are about the expressions of the objective function

equation for picrocrocin and crocin II, respectivelly. The obtained data from the

two set of experiments NBa and NSBa led to the estimation of the thermodynamic

parameter (Ki,E) by the Weighted Least Squares equation (WLS) (subsection 4.2.2).

The tables A.3 and A.4 are related to the further parameters of the developed three-

step gradient elution in the chromatography process (Table 4.15 and Figure 4.23 in

subsection 4.3.4).

Table A.1: Expressions of the objective function equation for picrocrocin. A,B,...,H =
Different variants of weight term. n: Class of weight term specific to each category of
experiments. Ba : extraction procedure with one batch, SBa : extraction procedure
with several successive batches
Process No. (j) cexp.i,j Wn (n = I, IV ) Class (n)

- - A B C D E F G H -
1 1.4896 1 1 0 1 1 1 1 1 I
2 2.9489 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

Ba 3 4.3467 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
4 5.7550 ∣∣ y y ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

NBa=5 7.2193 ∣∣ y y y y y y
NBa + 1=6 6.0153 ∣∣ 0 1

7 1.3930 ∣∣ ∣∣ ∣∣ 0.9 0.9 0.9 0.9 0.8 II
8 9.9411 ∣∣ ∣∣ ∣∣ y y y y y y
9 0.2755 ∣∣ ∣∣ ∣∣ 0.7 0.6 0.5 0.4 0.4 III
10 3.5459 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

SBa 11 12.7271 ∣∣ ∣∣ ∣∣ y y y y y y
12 0.0655 ∣∣ ∣∣ ∣∣ 0.4 0.3 0.2 0.1 0.1 IV
13 1.1397 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
14 7.1550 y y y y y y y y y

N = NBa +NSBa=15 15.32
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Table A.2: Expressions of the objective function equation for crocin II. A,B,...,H =
Different variants of weight term. n: Class of weight term specific to each category of
experiments. Ba : extraction procedure with one batch, SBa : extraction procedure
with several successive batches
Process No. (j) cexp.i,j Wn (n = I, IV ) Class (n)

- - A B C D E F G H -
1 0.0453 1 1 0 1 1 1 1 1 I
2 0.2040 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
3 0.4365 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

Ba 4 0.7275 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
5 1.5747 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
6 2.3431 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
7 3.1016 ∣∣ y y ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

NBa=8 3.7961 ∣∣ y y y y y y
NBa + 1=9 3.8542 ∣∣ 0 1

10 1.2847 ∣∣ ∣∣ ∣∣ 0.9 0.9 0.9 0.9 0.8 II
11 6.3433 ∣∣ ∣∣ ∣∣ y y y y y y
12 0.3589 ∣∣ ∣∣ ∣∣ 0.7 0.6 0.5 0.4 0.4 III
13 2.5695 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣

SBa 14 5.8616 ∣∣ ∣∣ ∣∣ y y y y y y
15 0.1293 ∣∣ ∣∣ ∣∣ 0.4 0.3 0.2 0.1 0.1 IV
16 1.043 ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣ ∣∣
17 3.21 y y y y y y y y y

N = NBa +NSBa=18 4.97

Table A.3: Other parameters of the developed three-step gradient elution (Table 4.15
and Figure 4.23). tinj=0.00416 min, texp.0 = 1.12 min, V̇L=1.2 ml/min
Component i tR,i [min] ki (Eq. A.1) w1/2,i [min] σi (Eq. A.2) N̄i (Eq. 2.72) HETP [mm] (Eq. 2.74)

PC 5.1 3.55 0.7062 0.30 289 0.52
CI 16.2 13.46 2 0.85 363 0.41
CII 27.7 23.73 2.64 1.125 606 0.24

Retention factor:

ki =
tR,i − t0

t0
(A.1)

Central moment:

σi =
w1/2,i√
5.54

(A.2)

Table A.4: Selectivity (Eq. A.3), central moment (Eq. A.4) and resolution (Eq. A.5)
of picrocrocin (1), crocin I (2) and crocin II (3) for the developed three-step gradient
elution (Figure 4.23)

α12 α13 α23 σ21 σ31 σ32 R21 R31 R32

3.79 6.68 1.76 0.57 0.71 0.98 4.86 7.95 2.93
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Selectivity:

α = α12 =
k2
k1

(A.3)

Central moment:

σ21 =
σ1 + σ2

2
(A.4)

Resolution:

R21 =
tR,2 − tR,1

4σ21

(A.5)

A.2 Additional Figures for Both Separation Tech-

niques

Figure A.1 illustrates the effect of different volume flow rate of mobile phase, in the

solid-liquid chromatography, on the Height of the theoretical plates, HETP , of crocin

II, which is used to select the volume flow rate with highest number of theoretical

plates (subsections 2.2.3.3. and 3.3.2.1). Figures A.2, A.3, and A.4 show respec-

tively the mass analysis of the picrocrocin, crocin I and rocin II of the saffron crude

extract using the online LC-MS-QTOF technique. Figures A.5, A.6, and A.7 show

the experimentally concentration-time curves of picrocrocin, crocin I and crocin II,

respectively, in different dosages. DS = [10:50] g/l (Eq. 2.12), εest. = [0.97 : 0.87]

(Eq. 2.9). Figures A.8 and A.9 represents the theoretically and experimentally liq-

uid phase concentrations of picrocrocin and crocin I in each stage of the sequential

batches extraction process (Figure 3.5), which evaluate the calulated liquid phase con-

centration by Eq. 2.30 in comparison with the empirical liquid phase concentrations

of component i. Figures A.10 and A.11 represent the overlapping the theoretical and

experimetal concentration-time curves for picrocrocin and crocin II to estimate their

extraction kinetic rate constant, keff
i , (subsection 4.2.3). At the end, figures A.12

and A.13 represent the two-loop effects of the phase ratio, ε, and the residence time,

τ , on the real (dimensioned) concentration, productivity and recovery yield of crocin

I and crocin II in both batch (Ba) (Eq. 2.30) and counter-current (CC) (Eq. 2.42)

processes with real numbers.
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Figure A.1: Height of the theoretical plates, HETP , of crocin II (green triangles) in
different flow rates

Figure A.2: Mass analysis of the picrocrocin of the saffron crude extract using the
online LC-MS-QTOF technique (Q-TOF-LC-MS 6530, Agilent Technology, CA, US).
Separation method: see caption of figure 4.2. Top figure: +ESI TIC Scan of the
saffron crude extract. Down figure: +ESI TIC Scan in 27.567-39.138 min, which shows
ammonium-adduct mass of picrocroicn [M +NH4]

+=348.2 m/z. V̇L = 0.4 ml/min
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Figure A.3: Mass analysis of the crocin I of the saffron crude extract using the online
LC-MS-QTOF technique (Q-TOF-LC-MS 6530, Agilent Technology, CA, US). Sepa-
ration method: see caption of figure 4.2. Top figure: +ESI TIC Scan of the saffron
crude extract. Down figure: +ESI TIC Scan at 81.15 min, which shows sodium-
adduct mass of crocin I [M +Na]+=999.37 m/z. V̇L = 0.4 ml/min

Figure A.4: Mass analysis of the crocin II of the saffron crude extract using the
online LC-MS-QTOF technique (Q-TOF-LC-MS 6530, Agilent Technology, CA, US).
Separation method: see caption of figure 4.2. Top figure: +ESI TIC Scan of the
saffron crude extract. Down figure: +ESI TIC Scan at 91.74 min, which shows
sodium-adduct mss of crocin II [M +Na]+=837.32 m/z. V̇L = 0.4 ml/min
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Figure A.5: Concentration-time curves of picrocrocin in different dosages. DS =
[10:50] g/l (Eq. 2.12), εest. = [0.97 : 0.87] (Eq. 2.9). It should be mentioned that
the epsilons were estimated regarding to the internal liquid phase (amount of trapped
liquid in solid phase)

Figure A.6: Concentration-time curves of crocin I in different dosages. DS = [10:50] -
g/l (Eq. 2.12), εest. = [0.97 : 0.87] (Eq. 2.9). It should be mentioned that the epsilons
were estimated regarding to the internal liquid phase (amount of trapped liquid in
solid phase)
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Figure A.7: Concentration-time curves of crocin II in different dosages. DS =
[10:50] g/l (Eq. 2.12), εest. = [0.97 : 0.87] (Eq. 2.9). It should be mentioned that
the epsilons were estimated regarding to the internal liquid phase (amount of trapped
liquid in solid phase)

Figure A.8: Theoretically and experimentally liquid phase concentration of picro-
crocin (PC) in each stage of the sequential batches extraction process (Figure 3.5).
x0
i,S = 0.15 gi/gS (Eq. 2.4, Table 4.3), εest. = 0.87 (Eq. 2.9), DS = 50 g/l (Eq. 2.12),

Ki,E = 1.052 (Table 4.6)
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Figure A.9: Theoretically and experimentally liquid phase concentration of crocin
II (CII) in each stage of the sequential batches extraction process (Figure 3.5).
x0
i,S = 0.094 gi/gS (Eq. 2.4, Table 4.3), εest. = 0.87 (Eq. 2.9), DS = 50 g/l (Eq. 2.12),

Ki,E = 0.536 (Table 4.6)

Figure A.10: Overlapping the experimental concentration-time curve of picrocrocin
(red circles from Figure 4.4) with the theoretical concentration-time curves calculated
by the Eq. 2.30 (black curves). Enrichment of the liquid phase. The arrow shows
the changes of the kinetic parameter from low to high values. Ki,E=1.052, x0

i,S=
0.15 g0i,S/g

0
S, DS=10 g/l
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Figure A.11: Overlapping the experimental concentration-time curve of crocin II
(green triangles from Figure 4.4) with the theoretical concentration-time curves cal-
culated by the Eq. 2.30 (black curves). Enrichment of the liquid phase. The arrow
shows the changes of the kinetic parameter from low to high values. Ki,E=0.536,
x0
i,S= 0.094 g0i,S/g

0
S, DS=10 g/l
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Figure A.12: The two-loop effects of ε and τ on the real (dimensioned) concen-
tration, productivity and recovery yield of crocin I in both batch (Ba) (Eq. 2.30)
and counter-current (CC) (Eq. 2.42) processes. keff

CI = 0.50 [1/min], KCI,E = 0.66,
qinCI = 97.33 [gCI/l], N = 20, ε in [0:1], τ in [0.001:15]. Star points: Concentration,
productivity and recovery yield in ε = 0.7 and τ = 5 [min] (specific analysis). Given
parameters: Table 4.9
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Figure A.13: The two-loop effects of ε and τ on the real (dimensioned) concentra-
tion, productivity and recovery yield of crocin II in both batch (Ba) (Eq. 2.30) and
counter-current (CC) (Eq. 2.42) processes. keff

CII = 0.49 [1/min], KCII,E = 0.536,
qinCII = 36.6 [gCII/l], N = 20, ε in [0:1], τ in [0.001:15]. Star points: Concentration,
productivity and recovery yield in ε = 0.7 and τ = 5 [min] (specific analysis). Given
parameters= Table 4.9
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