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AP : Andrographis paniculata Nees. 

ma  : Surface of the membrane (m2) 

pA  : Pulse amplitude (m) 
A : The specific surface area (m2) 

'c  : The concentration of the particle in the centre of the leaf (mol m-3) 
1'c  : The concentrations on the solid side (mol m-3) 

c1 : The concentrations in solution side of the interface at any time t (mol m-3) 
∞'c  : The concentrations in the leaf side at the equilibrium (mol m-3) 

∞c  : The concentrations in liquid phase at the equilibrium (mol m-3) 
C : The concentration in the bulk fluid (mol m-3) 

oc  : The average concentrations in the bulk fluid (mol m-3) 

inc  : The average concentrations at the interface (mol m-3) 
c : The concentration in the solution at time t (mol m-3) 

∞c  : The concentration in the solution at equilibrium (mol m-3) 
DAB : Diffusion coefficient of solute A in the solvent B (m2 s-1) 
Dx : Molecular diffusivity (m2s-1) 
Dd : Diffusivity (or diffusion coefficient) in dispersed phase (m2 s-1) 
D : The diffusivity (m2s-1) 

XD  : The coefficient of molecular diffusion of the solute (m2s-1) 

cD  : Diffusion coefficient in the solution (m2 s-1) 
F : The flux (m s-1) 
f  : Pulse frequency (s-1) 

f : Friction coefficient 
KB : Boltzmann constant (kg m2s-2K-1) 
K : Partition coefficient (dimensionless) 

oK  : Global coefficient of matter transfer (m s-1) 

mK  : Permeability of the membrane with respect to the solute (m s-1)  

dK  : Coefficients transfer matter in solid side of the membrane (m s-1) 

cK  : Coefficients transfer matter in liquid side of the membrane (m s-1) 
k1 : The rate constants at the interface from the leaf to solution (m s-1) 
k-1 : The rate constants at the interface from the solution to leaf (m s-1) 
kT : The overall rate constant (m s-1) 
M : Molar mass (kg) 

cp  : Critical pressure (Pa) 

xQ  : Mass flow of solute crossing the membrane (m s-1) 
r  : Radial coordinate (m) 
ra : Radius molecule (m) 
R : Particle radius (m) 
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φ  : Particle porosity 
Ω  : Volume fraction of porous of membrane 
τ  : Tortuosity (m) 
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Subscripts 
A : Solute 
B :  Solvent 
c  : Continuous phase 
d  : Dispersed phase 
f  : Value at flooding 
∞  : Equilibrium 
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CHAPTER II 
 
Ea/R : Activation energy/R  (K) 
HPLC : High Performance Liquid Chromatographic 
K : Constant value  
K : The pre-exponential factor (s-1) 
L : Length of solid (m) 
M  : Mass of solid (kg) 

solM  : The initial mass of solvent (ethanol) (kg) 
mh : Mass of humid solid (g) 
ms : Mass of dry solid (g). 
R : The gas constant, 1.987 cal/ K-mole 
SEM : Scanning Electronic Microscope 
T : Temperature (K) 
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CHAPTER III 
 
A : The specific area (m2) 
C : The concentration of andrographolide (kg m-3) 
Cs : The concentration of the solute in the solvent (kg m-3) 

LC  : The concentration of the solute in the liquid phase (kg m-3) 

0C  : The initial concentration of the solute (kg m-3) 
Cof : Initial concentration of leaves (kg/kg of solid) 
Cot : Initial concentration of stems (kg/kg of solid) 
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t : Time (s) 

LV  : The volume of the liquid phase (m3) 
V  : The total volume of the solid (m3) 
V  : The volume of the solid (m3) 
Vp : Volume of a particle (m3) 
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X         : Radial distance in the direction of material transfer from the centre of the           

symmetry(m) 
 
 

t∆  : Time step  
ϕ : Geometric shape factor 
ρ   Density of the solid particle (kg m3) 
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INTRODUCTION 
 

The therapies based on natural products have grown for last half of the 20th 
century in both industrial and developing countries. In particular, the pharmaceutical 
or pesticides industries often have to deal with the recovery of active products from 
plants. This operation is often costly because vegetal materials generally contain only 
a small amount of active products.   
 In Thailand, plants used medicinally are very popular and increasingly 
appreciated. This thesis focuses on the extraction process from the medical plant 
called Andrographis Paniculata, AP, which is a well known traditional medical plant 
in Thailand. Andrographis is grown extensively in China, Thailand and in a few 
others Asian countries. Andrographis paniculata, also known commonly as “King of 
Bitters” in Thailand, and has many native names such as Fah-Tha-Laai-Joan or Num-
Lai-Pung-Porn. It is a species of the plant family Acanthaceae. According to Thai 
Pharmacopoeia its action is to reduce fever and to help treat the common colds, sore 
throat, and to induce subsidence of swelling, ulcers in the mouth or on the tongue, 
venomous snake bites, treat acute or chronic cough, colitis, dysentery, urinary 
infection with difficult painful urination, and carbuncles. It has been used for 
centuries in Asia to treat respiratory infections, fever, herpes, sore throat, and a 
variety of other chronic and infectious diseases. In traditional Chinese Medicine, 
Andrographis is an important "cold property" herb: it is used to rid the body of heat, 
as in fevers. In Scandinavian countries, it is commonly used to prevent and treat 
common colds. Research conducted in the 80’s and 90’s have confirmed that 
Andrographis, properly administered, has a surprisingly broad range of 
pharmacological effects, some of them extremely beneficial. 

The goal of this research is to develop a continuous solid-liquid extraction 
from plant (AP) in a disc and doughnut pulsed column. The benefit from the study 
will be developed for related industries. Another objective is to test a non-sinusoidal 
pulsation mode in order to avoid flooding due to the floating particles in the pulsed 
pilot column. Finally, the results will be used to design an industrial installation and 
optimize its operating parameters. 
  
 The classical methodology for the development of a continuous process in a 
column, used as a solid-liquid contactor, starts with lab-scale batch experiments. This 
step allows choice of solvent and to identify the influence of the main operating 
parameters (such as operation time, solvent concentration, solid-liquid ratio, 
temperature, solid particle sizes and mixing). Then, the hydrodynamic conditions can 
be defined in the appropriate column. However this methodology encounters some 
difficulties due to the substantial heterogeneity of the plant. The process then has to 
be flexible enough to be adapted to the different periods of production and origins of 
the plant that can lead to major variations in the physico-chemical properties of the 
raw material.  
 
 In the first chapter a specific bibliography is presented on the plant material, 
the Andrographis paniculata and its history: cultivation, traditional use, chemical 
study, structure, effect and analytical techniques are presented. Then, the phenomenon 
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of mass transfer in plant extraction is explored through previous studies. The 
influences of the operating conditions on the extraction kinetics were investigated. 
Finally, the general characteristics of the pulsed column are described. In this work, a 
pneumatic pulsation has been used. This specific feature of the pulsing system is 
emphasized for this study.  
 
 In Chapter II, the characteristic of AP are detailed: physical structure, 
porosity and apparent solid volume. Soxhlet experimental results and the kinetics with 
batch studies are presented. Some of the main operating conditions were investigated: 
solid mass amount, particle size, ethanol percentage, temperature. Some information 
on the thermal stability of the product and on solvent absorption will be additionally 
given. The optimal extraction conditions have been derived from batch experiments. 
   

Chapter III presents the mass transfer model inside the plant and the model 
hypothesis. The experimental data obtained in the Chapter II are compared with a 
mass transfer model: in order to measure the value of the diffusion coefficient D. The 
limiting steps are discussed according to the particles shapes (“2 shape model”). 
 
 Chapter IV presents the results for the continuous process study in the 
column. The operation of the pneumatic pulsation cycle used to avoid flooding due to 
floating particles accumulated at the feed inlet is discussed. Particle residence times 
and extraction yields were determined. The coupling of the model with the mean 
residence time allows designing the continuous process. 
 
 Finally in Chapter V, extraction in a column and in a twin screw extruder is 
compared. Conclusions on some economical aspect on the process are made. 
 
 The overall methodology followed in this work is: 

1. Study the influence of extraction parameters in a batch reactor.  
2. Propose an extraction kinetics model and identify the diffusion coefficients. 
3. Study the hydrodynamics (dynamic behaviour and residence times of solid 

particle) in the pulsed column. 
4. Couple the diffusion model and the hydrodynamic characteristics of the plant 

in order to predict the extraction yields in the column. 
5. Propose and design a process with a pulsed column. 

 
 The general conclusion summarizes the whole results as well as, the problems 
encountered in this work as well as the perspectives gained from this work. All the 
experimental results are gathered in the Appendices. 
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CHAPTER I  
 

INTRODUCTION 
 
 The solid - liquid extraction is a fundamental operation in nuclear, 
metallurgical, food and pharmaceutical processes. For example, the extraction of 
coffee and tea (soluble preparation manufacture) is produced by treatment with 
boiling water, caffeine being extracted to the water from coffee and tea. The caffeine-
free coffee is obtained by elimination of the caffeine of the green coffee bean by a 
treatment with chlorinated solvent. Natural perfumes are isolated from plants 
(flowers, roots, and stems) using alcohol. The solid may be contacted with the solvent 
in a number of different ways but traditionally part of the solvent retained by the solid 
is always referred as the underflow, the rich solvent being the overflow. The operation 
can be subdivided into two types: firstly, extraction occurs due to solubility of the 
solute in the solvent such as oilseed extraction; secondly, extraction occurs thanks to 
solvent reaction with a constituent of the solid material in order to produce a 
compound soluble in the solvent such as extraction of metals from ores. The two 
categories face different limiting steps, the first being rate-controlled by the diffusion 
phenomena whereas the second is more frequently controlled by the kinetics of the 
chemical reaction producing the solute. These differences are reflected into the 
different techniques used to carry out the operations. The present work aims with the 
extraction of solutes without the help of chemical reaction. 
   
 The solvent dissolves one (or several) components, crystallised and liquid, 
referred to as solutes. The extract is only composed of solvent and solute; the 
exhausted solid is called residual, inert or insoluble. 
  
 In this chapter, the solid phase is named Andrographis paniculata, the 
characteristics and properties of which will be described. Mass transfer being 
controlled by diffusion in our case, the diffusion modelling and the practical 
determination of the kinetic are presented as well. 
 
 Finally, among different types of solid-liquid extraction equipment, the pulsed 
column was chosen. A new technology of pulsation by air pulse has been 
implemented allowing for a non-sinusoidal pulsation cycle. 
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1.1 ANDROGRAPHIS PANICULATA NEES  
 

1.1.1 Historical and traditional use of Andrographis paniculata (AP)  
 

Andrographis paniculata (AP) is a plant in the Acanthaceae family. It is an 
ancient medicinal herb which grows widely in Asian tropical areas. Its common name 
is King of Bitter. There are many native names, one which is well known in Thai as 
Fah-Tha-laai-Joan or Num-Lai-Pung-Porn (Chanprasert and Pecharaply, 1988; Thai 
pharmacopoeia, 1997). It is an erect annual plant of 30-100 cm in height and 0.2- 0.6 
cm in diameter (Figure1.1). Stems are dark green, quadrangular with longitudinal 
furrows and wings on the angles of the younger parts, slightly enlarged at the nodes. 
The leaves are opposite, decussate, lanceolate, up to 8.0 cm long and 2.5 cm broad 
(Figure 1.2); the flowers are small, and the seeds numerous, yellowish brown. The 
fruits are small, 2-celled odourless capsules and extremely bitter. All parts of this 
plant have a bitter taste. 

 
This plant was extensively used in traditional medicine. The herb is reported 

to possess astringent, anodyne, tonic properties and is reported helpful to treat 
dysentery, cholera, diabetes, influenza, bronchitis, piles, skin disorders, fever and 
worm infestation. It is useful for treating burning sensation, wounds, ulcers, chronic 
bronchitis, leprosy, flatulence, colic and diarrhea. In Thailand, (Thai pharmacopoeia, 
1995) it is used in traditional medicine, against fever, dysentery, diarrhea, 
inflammation, and sore throat. To reduce diarrhea or sore throat, it was recommended 
(Division of medical plants research and development department of medical science 
ministry of public health, 1990) to take 2 capsules four times per day, each one being 
filled with 500 mg AP leaf powder. Another medication is to make use of AP leaf 
powder for reducing cough and sore throat (Office of medicinal plant data, 1989). It is 
a promising new way for the treatment of many diseases, including HIV, AIDS, and 
numerous symptoms associated with immune disorders (Weibo, 1995; Calabrese, 
2000). 
 
 The known benefit of the AP plant for human has also led to its use in 
livestock production. For example, AP leaves or mixtures of AP and other leaves are 
fed to animals in a number of farms. Futhermore, farmers believe that by mixing AP 
leaves into chicken feed can reduce chicken mortality as well. 
 
 In China, AP has been claimed to be effective for dysentery upper respiratory 
tract infections, influenza, urinary tract infections and infectious wounds. The Chinese 
people used to boil roots and leaves of Andrographis and took the herbal soup to 
relieve symptoms of respiratory tract and lung infection, such as sore throat, cough, 
fever and etc. The herb was also commonly used to treat diarrhea and urinary tract 
infections. Other applications of Andrographis include treating skin infections, such 
as furuncle, carbuncle and eczema. For external treatment of the skin, ancient Chinese 
doctors applied fresh Andrographis paste to the infected areas. Chinese medical books 
also described Andrographis as a medicine to treat snakebites (Coloured atlas of the 
Chinese material medical specified in pharmacopoeia of the people’s republic of 
China, 1995). 
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Figure 1.1 Andrographis paniculata Nees plant 
Source: http://www.herblpg.com/thai  
 

 
 
 
Figure 1.2 Leaves and stems of Andrographis paniculata Nees plant 
Source: www.herbalnet.org 
 

 
 

Figure 1.3 Seeds of Andrographils paniculata Nees 
Source: Standard of Thai Herbal Medicine: Andrographis paniculata (Burm.f.) 
Nees,(1999) 
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In Scandinavian countries, it is commonly used to prevent and treat common 
colds. Research conducted in the 80’s and 90’s have confirmed that Andrographis, 
properly administered, has a surprisingly broad range of pharmacological effects, 
some of them being extremely beneficial (Research review, 1997). 

 
Finally, the extracted chemicals from Andrographis paniculata Nees is a 

medicine to cure diarrhea in pigs, pigs being considered to be the main source of 
proteins for Thai and Chinese people. The chemicals will increase productivity of pig 
farms scattered around the country. 
 

1.1.2 Culture 
 
 Andrographis appears to grow best in the tropical and subtropical areas of 
China and Southeast Asia, India, Sri Lanka and Pakistan, Thailand (Gupta et al., 
1990; Sandberg, 1994). Growing region and seasonality play both a role concerning 
with the plant composition. Normally grown from seeds (Figure 1.3), it grows in 
pine, evergreen and deciduous forest areas, and along roads and in villages (Standard 
of Thai Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 1999). It is also 
cultivated-quite easily, because it can grow in all of the ground types. Moreover, it 
grows in soil types where almost no other plant can be cultivated. However, it should 
not be cultivated in soil that is flooded or wet all year and also a serpentine soil will 
give very low production (Kasetklangklung, 1996). 
  
 The plant likes sunshine. The seeds are sown during May-June. The seedlings 
are transplanted in a distance of 60 cm x 30 cm grid. Two or three irrigations cycles 
may be scheduled during the day periods. It flowers during August - November, and 
the whole plant starts maturing during February-March when it is harvested for the 
drug. The plants used in this study were collected during November-January from 
Nakornpathom province in Thailand. The crude drug harvested for this study consists 
of dried or fresh leaves and the aerial parts of the plant.  
 
 

1.1.3 Harvesting and storage 
 
 The highest concentration of active component occurs just before the plant 
blooms or at mid-way period between planting of blooming, making early fall the best 
time to harvest. It was (Suwanbareerak and Chaichantipyuth, 1991) reported that the 
highest amount of active component is in the mature plant. The age of the plant when 
their occurs is about 110-150 days. 
 

The amount of diterpene lactones depend on both growing regions and 
seasons. The highest amount of active component is found in leaves. The lowest 
amount of active component is found in the stems (Standard of Thai Herbal Medicine: 
Andrographis paniculata (Burm.f.) Nees, 1999). The leaves contain the highest 
amount of andrographolide (2.39%), the most medicinally active phytochemical in the 
plant, while the seeds contain lower contents (Sharma, Krishan, and Handa, 1992). 
The highest percentages of active component are shown in the Table 1.1. 
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Table1.1 Total percentage of diterpene lactone in AP at different growth periods 
 

Sample Period of harvesting Total diterpene lactone (%) 

  Aerial part Leaf Stem 

1 Before Blooming 6.09 6.80 2.28 

 Blooming 7.31 9.81 2.06 

 Young fruit 5.29 6.79 3.93 

 Mature fruit 4.80 6.44 4.67 

2 Before Blooming 7.05 9.54 3.02 

 Blooming 9.79 12.52 5.81 

 Young fruit 6.72 7.25 6.25 

 Mature fruit 5.54 6.63 6.89 
 
Source: Standard of Thai Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 
(1999). 
 
 

The dried plant can be stored in airless plastic bags. It should be kept in a cool 
and clean place. The percentage of total diterpene lactone will decrease up to 25% 
after one year storage (Table 1.2)  (Naiyana Tipakorn, 2002). 
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Table 1.2 Total percentage of diterpene lactones in the aerial part of AP after 
different periods of storage 
 
Sample Period of storage Diterpene lactones Percentage decrease in 

Diterpene lactones content 
 (Month) Content (%) (%) 
1 0 9.25 0.00 
 3 9.13 1.30 
 6 8.56 7.46 
 9 7.99 13.62 
 12 7.09 23.35 
2 0 3.85 0.00 
 3 3.58 7.01 
 6 3.33 13.50 
 9 3.18 17.40 
 12 2.92 24.16 
3 0 6.2 0.00 
 3 6.03 2.74 
 6 5.02 19.03 
 9 4.18 32.58 
 12 4.11 33.70 
4 0 7.68 0.00 
 3 7.32 4.69 
 6 7.08 7.81 
 9 6.78 11.72 
 12 5.63 26.69 
5 0 6.86 0.00 
 3 6.44 6.12 
 6 6.12 10.79 
 9 5.78 15.74 
 12 5.04 26.53 

 
 
SOURCE: Standard of Thai Herbal Medicine: Andrographis paniculata (Burm.f.) 
Nees, (1999). 
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1.1.4 General techniques for analysis 
 
 Andrographis is commercially sold as a medicine. Subsequently, a large 
variety of laboratory methodologies have been developed to ensure a standardized 
level of andrographolide measurements: thin-layer chromatography (TLC), ultraviolet 
spectrophotometer, liquid chromatography, HPLC technique, and volumetric and 
colorimetric techniques.  
   
 One method used by Naiyana Tipakorn (2002) is to analyze the quality of the 
sample of AP leaves by means of a color test (preliminary test) and by thin-layer 
chromatography (confirmatory test).  
 
Preliminary test 
 1 g of powdered AP leaves and 20 ml of ethanol is boiled into a water bath and 
then filtered. 300 mg of decolouring charcoal are added to the filtrate. The solution is 
stirred and filtered again (solution A) (Standard of Thai Herbal Medicine: 
Andrographis paniculata (Burm.f.) Nees, 1999). 
 
Method 1 with Kedde reagent 
 
 In 1 ml of solution A, 2 drops are added to a 2% w/v solution of 3,5- 
dinitrobenzoic acid in methanol (Kedde A) and 2 drops are added to a 5.7% w/v of 
potassium hydroxide solution in methanol (Kedde B). Color changes to a purplish 
read color indicate that the sample has active compounds like AP (Figure 1.4.) 
(Standard of Thai Herbal Medicine: Andrographis paniculata (Burm.f.) Nees., 1999). 
 
 
 
 
 
 
 
Figure 1.4 Diagram of color test by using Kedde A and Kedde B (Standard of Thai 
Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 1999) 
 
Method 2 with ethanolic potassium hydroxide 
 
 In 1 ml of solution A are added several drops of ethanolic potassium 
hydroxide until it turns to a red color. Then wait for 10-15 min. A color change to 
yellow indicates that the sample has active compounds such as AP (Figure 1.5) 
(Standard of Thai Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 1999). 
 
 
 
 
 
 
Figure 1.5 Diagram of color test using ethanolic potassium hydroxide (Standard of 
Thai Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 1999) 

Charcoal 300 mg 2% w/v Kedde A 5.7% w/v Kedde B 

purplish read color 

Charcoal 300 mg Ethanolic potassium 
hydroxide

10-15 min 

yellow color 
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The primary test is designee to lest only for the existence of the AP active 
compound. The next method based on chromatography is normally used in Thai 
government laboratories which test and control the quality of medicinal plants. 
 
 
Confirmatory test 
 
 Thin layer chromatography analysis has to be performed after the color test to 
confirm the AP presence. 1 g of powdered AP leaves with 20 ml of ethanol are boiled 
in a water-bath for 5 minutes, then 300 mg of decolorizing charcoal is added, the 
mixture is stirred and filtered. The filtrate is evaporated under reduced pressure until 
dry and the residue dissolved in 1 ml of warm ethanol (80%). As standard, 2 mg of 
andrographolide, 2 mg of neoandrographolide and 4 mg of dehydroandrographolide 
are each dissolved in 1 ml of ethanol by using silica gel adsorbent GF254 and a 
chloroform mobile phase (absolute ethanol 85:15). 5 micro liter is used for each spot.  
The Migration path is 15 cm (ascending). The UV radiation (λ = 254 nm) detection is 
made by spraying with 2% w/v 3,5- dinitrobenzoic acid in methanol (Kedde A) and 
excess of 5.7% w/v potassium hydroxide in methanol (Kedde B) (Standard of Thai 
Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 1999).  
  
  
Thin Layer Chromatography (TLC) 
 
The experiment details are summarized as follows: 
Analytical Thin Layer 
 
 Technique: one way, ascending 
 Adsorbents: Silica gels G (E. Merk), silica gel 60 F254, calcium sulphate 
  binder 13%, 30g/60 ml of distilled water, 

 Plate size: 20cm x 20cm, 20 cm x 5 cm, 
 Layer thickness: 250 microns, 
 Activation: air dried for 15 minutes and then at 105°C for 1 hour, 
 Distance: 15 cm, 
 Laboratory temperature: 25-30 °C. 
 
Solvent system 
System   Component     Ratio 
1   Chloroform         -  
2   Chloroform: Methanol     9: 1 
3    Chloroform: Methanol     8: 1 
4   Chloroform: Acetone      9: 1 
5   Chloroform: Absolute ethanol  85: 15 
6   Chloroform: Benzene      1: 1 
7   Acetone: Methanol      8: 2 
8   Ether: Methanol      7: 3  
9   Benzene: Methanol      1:1 
10    Ethyl acetate: Methanol     8: 2 
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Detection of compound on TLC plate 
 
a) Ultraviolet light at the wavelength 254 nm 
 
 Unsaturated organic compounds could be fluorescent under UV light. 
Diterpenoid lactone compounds presented violet spots. 
 
b) Iodine vapour for unsaturated organic compounds. 
 
Reagent  :  Iodine crystal 
Note  : The chromatographic plate is placed into a closed vessel containing 
some crystal of Iodine. Iodine vapour generated bind to the spot of organic compound 
presented as brown spots. 

 
 Other methods of the general isolation techniques, like open column 
chromatography, quick column chromatography and crystallisation, have been 
described in the work of Nanthakarn Mahaverawat (1992) (Appendix I). 
  
 
Total lactones or diterpene lactones 
 
 The method to identify the active constituents (diterpene lactones) of AP 
powder is detailed elsewhere (Standard of Thai Herbal Medicine: Andrographis 
paniculata (Burm.f.) Nees, 1999). The total percentage of diterpene lactones is 
calculated from the dry matter weight of AP leaves. 1 ml M of NaOH solution is 
equal to 35.04 mg of andrographolide. The total diterpene lactones of andrographolide 
is 7.3% (Naiyana Tipakorn, 2002).  
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Figure 1.6 Method to identify the diterpene lactones of AP powder (Standard of Thai 
Herbal Medicine: Andrographis paniculata (Burm.f.) Nees, 1999) 

Add 20 ml distilled water + 2-3 drops phenolphthalein  
pH adjusted to 7 with 0.1 M NaOH  
added 5 ml NaOH 0.1 M and boiled 

Residue (not used)

Residue (not used)

1 g of AP leaves powder 

Extracted with 85% ethanol 

Boiled with 85% ethanol and filtered 

Solution 1

Added 1 ml of 25% Na2SO4   
Added 0.5 g of charcoal powder and boiled 
Filtered with charcoal

Titrate with 0.05 M HCL 

Solution 2

Solution 3

Neutral solution  
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A rapid method for isolation of andrographolide from the leaves of 
Andrographis paniculata is reported elsewhere (Rajani, 2000). The leaf powder is 
extracted by cold maceration in a 1:1 mixture of dichloromethane and methanol and 
isolation of andrographolide is obtained directly from the resulting extract by 
recrystallisation. The methods work well with IR, UV, mass and melting point and co-
chromatography with a reference standard on TLC. UV absorption spectrum, TLC, 
HPLC and differential scanning calorimeter validate the purified compound.  
 

1.1.5 Chemical study  
A crystal compound, andrographide, was first isolated from Andrographis by 

Boorsma in 1896. In 1911, Corter identified this compound as a Lactone (Sichuan 
Chinese herb research institute, 1973). Later studies showed that active chemical 
components in Andrographis paniculata (AP) are andrographolide and neo-
andrographolide. Chemical constituents isolated from this plant have been reported 
such as diterpenoid lactones of a paniculata Nees: andrographolide, neo-
andrographolide, deoxyandrographolide and 14-deoxy-11, 12-
didehydroandrographolide (Sichuan Chinese Herb Research Institute, 1973). 
Andrograpolide and total lactones are the common forms used in clinics. Animal 
studies on rats and mice conclude that all four lactones have anti-inflammatory and 
anti-pyretic effect. Since the herb shows no effect in treating infected animals when 
adrenal glands of the animals were totally removed, this suggested that Andrographis 
might exert anti-inflammation through stimulatingly the adrenal glands. It can be seen 
that the main constituents of this plant are diterpenoid lactone with ethanol solution 
extracts, 4 lactone constituents were obtained which is an unsaturated trihydroxy 
lactone. It is freely soluble in methanol, ethanol, pyridine, acetic acid, sparingly 
soluble in benzene, chloroform and acetone, insoluble in ether and water. 
 A systematic study on the chemistry of Andrographis paniculata has been 
carried out by various researchers at various times. The reviews of such compounds 
are illustrated in the work of (Srisomporn Preeprame, 1992; Saxena, 1998). 
 
  Analysis of the whole plant gave the following lactones: (1) andrographolide 
(C20H30O5; mp 230-239˚C), 0.6%; (2) 14-deoxy-11-oxoandrographolide (C20H28O5, 
mp 98-100˚C), 0.12%; (3) 14-deoxy-11, 12-didehydroandrographolide (C20H30O4, mp 
203-204˚C), 0.06%; (4) 14-deoxyandrographolide (C20H30O4, mp 175˚C), 0.02%; and 
a non-bitter constituent, (5) neoandrographolide (C26H40O8, mp 167-168˚C), 0.005%. 
The leaves contain andrographolide (yield, 1%). From the petroleum ether extract of 
the leaves from Bangladesh, the following components have been isolated: α -, β -
unsaturated lactone, andrographosterol (C23H38O, mp 135˚C), homoandrographolide 
(C22H32O9, mp 115˚C), andrographane (C40H82, mp 67-68˚C), andrographone 
(C32H64O, mp 85˚C), a wax and two esters containing hydroxy groups.   
 

Nanthakarn Mahaverawat (1992) has reported the chemical properties of 
Andrographis. Its physical properties were as follows: m.p. is 228-230oC, ultraviolet 
spectrum in ethanol: λmax 223 nm, deoxyandrographolide (C20H30O4, m.p. is 173 - 176 
oC, λmax 248 nm), neoandrographolide (C20H40O8, m.p. is 170-172oC, λmax 205 nm) 
and 14-Deoxy-11, 12-dedehydroangrapholide (C20H30O4, m.p. 203-204oC). It was 
found that the ethanol extract yield was higher than the aqueous extract. The highest 
composition of the extract is andrographolide.  
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Figure 1.7 The main active components in AP leaves  
 

1.1.6 Safety  
  

In Traditional Chinese Medicine and in systems of healing in Thailand and 
India, AP has been perceived as safe going back a long time. Although trial and error 
in humans may not be considered scientific, it is a way of determining whether a 
substance is effective or harmful. When scientists began to investigate the safety of 
AP, formal toxicological studies in animal models and in animal and human clinical 
trials confirmed that andrographolide and other members of this AP family of 
compounds have very low toxicity. In other tests for toxicity, rats or rabbits received 1 
g/kg orally of andrographolide or neoandrographolide for seven days. This amount 
did not affect body weight, blood counts, liver or kidney function, or other important 
organs (Akbarsha et al., 1990; Yin and Guo, 1993). 

 
 After AP ingestion, people rarely experienced dizziness and heart palpitations. 
As with all herbs, some people will have an allergic reaction to AP. The other side 
effect, as discussed above, is antifertility. Overall, evidence up to date indicates that 
andrographolides are naturally occurring compounds with low toxicity when used 
appropriately. 
 
Warning:  
 
 Although Andrographis paniculata is known to have very low toxicity, it 
should, like sanguinaria (bloodroot), be avoided by women who are pregnant or who 
wish to become pregnant. It exhibits antifertility effects. 
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1.2 SOLID – LIQUID EXTRACTION PHENOMENA 
 

The solute transfers from the solid substrate into an appropriate solvent. Four 
main steps may be distinguished: the penetration of the solvent into the solid phase, 
the chemical reaction or the solubilization of the solute, the diffusion of the solution 
inside the solid, the solute diffusion from the solid phase towards the outer liquid 
phase (Lalou, 1995). 
 

- The penetration of the solvent into the solid phase is generally fast enough in 
comparison with the other ones. Therefore, it can be disregarded in the global kinetic 
model. 
 
 - The chemical reaction occurring between the solvent and the solute, when it 
takes place, can be instantaneous or relatively slow. In the first case, the kinetics are 
driven by diffusion while in the second one, the mass transfer is chemically driven. In 
the present case, we have to focus only on a solubilization step and not on a chemical 
one. Solubilization being generally fast, it can be neglected. 
 

- The diffusion of the solution inside the solid is usually the limiting step as it 
has been exhibited in (Bichsel, 1979; Spiro and David, 1982; Spiro and Selwood, 
1984).  
 
 - The diffusion of the solute from the solid phase towards the outer liquid 
phase can be slowed by a layer of liquid stagnating at the interface of the solid 
(Boundary layer of film theory). The effect of this layer can be limited when the 
solution is sufficiently agitated to permit a permanent renewal of the solvent in order 
to accelerate the global phenomena.  
 
 At every step, a mathematical model can be established from the physical and 
chemical knowledge of the phenomena: reaction model, model of transfer inside the 
solid and the film model. 
 

1.2.1 Mass transfer model inside the solid particle  
 

The rate concept of mass transfer within a solid substrate is difficult to study 
because it is impossible to define accurately the actual progress inside the solid. 

Diffusion inside solid particles is generally described by the Fick’s second 
differential equation: 

XD
t
X

X
2∇−=

∂
∂     (1.1) 

 where  X  : The mass fraction of the solute in the solid, 
  XD : The coefficient of molecular diffusion of the solute. 
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This equation is valid for solute diffusion in rigid porous bodies at the 
condition that their structure is considered as quasihomogeneous and macroscopically 
isotropic. In our case, the coefficient of molecular diffusion of the solute Dx has to be 
replaced by the apparent diffusivity Dxa, which accounts with the porosity and the 
tortuosity of the solid particle. 

Equation 1.1 can be written in spherical coordinates , as follows: 
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    (1.2) 

The initial condition is 

( ) inXorX =, = constant  r∀   (1.3) 

Two standard boundary conditions can be written: 

At r =0  0
0

=
∂
∂

=rr
X  from the assumption of particle symmetry (1.4) 

The other one (at the solid-liquid interface) depends on the type of process 
applied. When the ratio between the volume of the outer solvent Vy and that of the 
pores in the solid phase xVφ  is very high or when a fast chemical transformation of 
the solute takes place in the external medium, the continuous phase mass transfer 
resistance can be neglected. It is then possible to write  

φ/YX
Rr

=
=

 = constant     (1.5) 

X : Local solute concentration in the particle (kg/m3), 

r : Radial coordinate (m), 
R : Particle radius (m), 
Y : Solute concentration in continuous phase (kg/m3), 
φ : Particle porosity, 
Dxa: Apparent diffusivity (m2/s), 
t : Time (sec).  

 
 In the case of a one-dimensional system, Equation (1.1) may be simplified as: 
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X : Fraction mass of the solute in the solid,   

 x : Space coordinate, 
 t : Time,  
 Dd: Diffusivity (or diffusion coefficient) in the dispersed phase (solid),  
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 ϕ : Being a shape factor according to the particle geometry (cylindrical or 
spherical). 

1.2.2 Mass transfer across the interface 
 
 Many industrial processes in which mass transfer is important involve 
transport of a solute from the bulk fluid of one phase at the interface and then from 
the interface to the bulk of the second phase. The diffusing solute transfers from phase 
1, where its concentration is higher than at equilibrium, into phase 2. In the interior of 
bulk fluids, mass flux is accomplished by mixing due to turbulent fluctuation, and the 
concentration of the solute concentration in the interiors is practically constant.  
  

Mass transfer resistance is concentrated in the boundary layer near the 
interface where the concentration gradient is the steepest. Mass transfer stops when 
equilibrium is established between the bulk fluids. The most common approach to this 
problem is to develop a theoretical model for mass transfer in the interface region and 
to see if the results of such an analysis are consistent with the experimental overall 
mass-transfer results.   
  

Several different theoretical models have been developed in the past, most of 
the models being based on the following assumptions: 

 
- First, the total resistance to mass flux is the sum of the resistances relative to 

each phase including the resistance at the interface. However, in many cases the 
interface resistance may be considered as being negligible, and in this case, the total 
resistance to mass transfer may be restricted as the sum of the phase resistance 
(resistance additivity rule). 

 
- Secondly, at the interface the two phases are assumed to be at equilibrium, 

and this equilibrium is established more rapidly than the change of average 
concentration in either bulk fluid (Azbel, 1981).  

 
 The two major models of the mechanism of mass (and also heat) transfers 
between two phases are the film theory and the penetration theory. The film theory 
assumes that there is a region in which steady-state molecular diffusion is the 
prevailing transfer mechanism, while the penetration theory assumes that the interface 
is continuously impinged by eddies, that is to say that mass transfer is controlled by 
unsteady molecular diffusion.  
 
 
The Film model 
 
 The first hydrodynamics model that has been proposed for the investigation of 
the transport process both of heat and mass transfer is the so-called film-theory model. 
According to this model, steady-state mass transfer occurs by molecular diffusion 
across a stagnant, or laminar-flow film at the interface between the phases, in which 
the fluid is turbulent. All the resistance is assumed to be confined inside the film, and 
therefore mass concentration gradients arise only inside this film. In the bulk fluids, 
the concentration is assumed to be constant and equal to some average values. With 
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Mass transfer with chemical reaction  
 
 Mass transfer typically takes place on the surface of active particles when they 
are dispersed and suspended in a continuous phase. For the determination and 
quantitative evaluation of the influence of the various parameters that are presented in 
each system, It is necessary to know the rates of both, the chemical transformation 
and the physical transfer of mass, as well as the effects of interaction between the two 
processes.  
 

A phenomenon of mass transfer with chemical reaction (Giovammo, 1967) 
takes place whenever two phases which are not at chemical equilibrium with one 
another are brought into contact. Such phenomena are made of a number of 
elementary steps that can be summarized follow: 

 
 (i) Diffusion of one or more reactants from the bulk of phase 1 to interface 
between the two phases, physical equilibrium being assumed to be reached at the 
interface; whenever the concentration of the reactants at interface is finite in one 
phase, it is also finite in the other. 
  

(ii) Diffusion of the reactant from the interface towards the bulk of phase 2. 
 

 (iii) Chemical reaction within phase 2. 
 
 (iv) Diffusion of reactants initially presents within phase 2, and/or of reaction 
products, within phase 2 itself, due to concentration gradients which are set up by the 
chemical reaction. 
  
 Step (ii), (iii) and (iv) may take place simultaneously, and thus mutually 
interfere. The overall phenomenon resulting from steps (ii), (iii) and (iv) takes place 
in series with step (i). If step (i) is rate-controlling, the overall rate is not influenced 
by the chemical reaction, and the process may be regarded as a simple mass transfer 
phenomenon which is not influenced by the reaction rate. Of course, the chemical 
reaction may itself be the cause of an overall high mass transfer rate within phase 2, 
and therefore for step (i) being rate-controlling. 
  
 The analysis of mass transfer with chemical reaction is of interest when the 
overall phenomenon resulting from steps (ii), (iii) and (iv) is rate-controlling. The two 
phase involved may be either both fluid, or one fluid and one solid (such as a porous 
catalyst as phase 2, or a dissolving solid as phase 1). If phase 2 is fluid, the problem to 
be considered is far more complicated, because the fluid mechanics of that phase 
needs to be considered.  
 

1.2.3 Diffusion through cells  
 

In the plant material, the solute is imbedded into the plant cells from where it 
is extracted by a mechanism of dialysis through the cellular partitions.  

 The diffusion through a membrane, or dialysis, is a significant phenomenon 
for many processes of solid- liquid extraction. By definition, it is the transfer of a 



 

 

20

solution through a membrane by diffusion starting from a solution concentrated 
towards a dilute solution. At the same time, a diffusion of solvent is observed through 
the membrane in the opposite direction. In the case of a dilute solution, the integration 
of Fick’s law on the diffusion, with the condition that there is no volume variation of 
each side of membrane and that the transfer coefficient be constant on the diffusion, 
leads to the following transfer equation (Lane and Riggle, 1959; Tuwiner, 1962; 
Sprigs and Li, 1976): 

lmmos xaKQ δ=     (1.8) 

 xQ :  Mass flow of solute crossing the membrane,   
 oK : Global coefficient of mass transfer,   
 ma : Surface of the membrane , 

 ( )21
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/ln xx
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−
=δ : Mean logarithmic difference of concentration on both 

sides of the membrane. 
  
 The global coefficient of mass transfer is function of the transfer resistances 
relative to the two liquid films and to the membrane:  
 

     cdmo KKKK
1111

++=
   (1.9)

 

 
 mK : Permeability of the membrane with respect to the solute,  
 dK and cK : Mass transfer coefficients apart the membrane.   
 

The permeability of membrane with respect to the solute can be estimated 
using the next relationship (Lane and Riggle,1959):  
 

mcm HFDK δ/Ω=       
 cD : Diffusion coefficient in the solution, 
  F  : Resistance factor, 
  Ω  : Volume fraction of membrane pores, 
 H : Factor of tortuosity or capillary length to the thickness of the 
membrane,   
 mδ  : Membrane thickness. 
 
The resistance factor F can be evaluated, according to (Bacon, 1936) as: 
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 sR : The radius of the diffusing molecule (solute), 
 pR : Average radius of the pore.  
 

(1.11) 

(1.10) 
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1.2.4 Example of tea infusion 

 Spiro and Siddique (1981); Spiro and Jago (1981) have studied the kinetics 
and equilibria of tea infusion. It is composed of 3 main contributions, which arise 
from the diffusion of the constituent through the leaf: its transfer across the 
leave/solvent at the interface, and its diffusion through the Nernst layer. 

 In order to determine the extraction rate of all soluble material from plant 
substrates, a simple kinetic equation for the infusion of a single constituent is: 

tk
cc

c
T=⎟⎟
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⎛
−∞

∞ln               (1.12) 

 c : Slute concentration in the solution at time t, 
 ∞c : Solute concentration in the solution at equilibrium, 

kT : The overall rate constant. 

 

 

 

 

 

 

 

Figure 1.8 Schematic concentration profiles during leaf infusion at (a) t = 0; (b) given 
t; (c) t = ∞  

 Figure 1.8 illustrates the profiles of the concentration before (t = 0) and during 
diffusion (t) and after the system has reached equilibrium (t = ∞ ). All the values, c, 
are volume concentration (kg m-3 or mol m-3). Each particle is surrounded by a Nernst 
diffusion layer (Levich, 1962) of effective thickness δ  which decreases with 
increased stirring.  

 'c  is the concentration of the particular constituent in the centre of the leaf 
lamina. 

 1'c and c1 are respectively their concentrations on the leaf side (solid) and on 
the solution side of the interface at any time t. 

 ∞'c and ∞c  are their concentrations in the leaf side and liquid phase 
equilibrium is reached. 
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c is the concentration in the bulk solution, outside the Nernst diffusion layer of 
effective thickness δ . 

 The first-order rate constants for the transfer of the constituent across the 
interface are k1 (m s-1) from the leaf to solution and k-1 in the opposite direction (m.s-

1).  

To apply an analogous steady-state treatment for a liquid - liquid system, a 
partition coefficient K can be introduced. The partition coefficient K is therefore 
given by: 
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c
c

k
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K              (1.13) 

 At steady state, the flux F (the net amount of a soluble constituent leaving the 
leaf per unit time) is given by the following kinetics equations: 

 

 

 

 

where equation (1.14) and (1.16) are applications of Fick’s first law and the 
diffusion coefficients of constituents are relative to each medium with the appropriate 
subscripts. Dleaf is likely to be dependent of either distance or concentration or both. 
Equation (1.17) expresses the fact that this flux also equals the amount of constituent 
entering the bulk solution per unit time.  

 The aim of such an approach is the derivation of a kinetics equation with c as 
the unique concentration variable because it is only the concentration in the bulk 
solution that can be experimentally followed. Combination of equations (1.14), (1.15) 
and (1.16) allows us to express each of the three unknown concentration 11',' candcc  
as a function of c. The elimination of the unknown concentration 11' candc between 
equation (1.14) and (1.16) now leads to:  
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Incorporation of equation (1.14) gives the following equation: 
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 If T is the total amount of the soluble constituent in the system, then at times t 
= 0, t = ∞  and t, respectively:  

⎟
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K
VcVccVcVT ''''0

'              (1.20) 

 In an infusion experiment, leaf material of mass w is immersed in a volume V 
of solution. Swelling of the leaf is taken to be essentially complete before significant 
solute extraction has occurred. 

 The swollen leaf may be conveniently regarded as a collection of lamina of 
width 2d and total surface area A. If the small area around the edges of the lamina is 
neglected, the leaf volume Vleaf equals ( ) AdAd =2/2 . However, to eliminate 'c , the 
conservation equation is drawn which expresses the fact that the total amount of 
constitute in the system is conserved. 
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Combination of equation (1.21) and (1.22), with the removal of 1'c and 1c by 
means of equations (1.15) and (1.16), gives: 
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This makes possible elimination ( )∞− '' cc from equation (1.19): 
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Dividing through by 1−k  and making use of equations (1.13) and (1.14): 
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Finally, the overall first-order rate constant kT of equation (1.12) is given by:  

(1.25) 
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The last term on the right-hand side of equation (1.26) can usually be neglected as 
it will almost always be much smaller that the ln/ soDδ  term. There are 3 special 
cases according to the relative sizes of the other terms on the right-hand side: 

(i) If 1/1 −k  is the largest term, 1' −≈ kk  and the infusion is surface-controlled. 
It is worth noting that the relevant rate constant is that of the re-absorption 
of the constituent into the leaf. 

(ii) If the second term is the largest, KdDk leaf /2'≈ and the rate-controlling 
step is diffusion of the constituent through the swollen leaf. 

(iii) If ln/ soDδ is the largest term so that δ/' lnsoDk ≈ , the infusion is 
controlled by diffusion of the constituent across the Nernst layer.  

 

1.3 FACTORS INFLUENCING THE EXTRACTION 
 

Phenomena of mass transfer in the solid, in particular from a plant material, 
are affected by several parameters that can be distinguished into two groups: 
constitutive parameters and operating parameters. 
 
 The constitutive parameters group is composed of factors nearly constant 
during the extraction process and their influences cannot be controlled by the 
operator. 

On the contrary, the operating parameters condition the process. Their 
influences on the apparent kinetics of extraction may be controlled by the operator. 
Belonging to this group are classically the temperature, the concentration of solvent, 
the agitation, the diameter of particle size, the solid-liquid ratio, etc (Poole, 1966).
   

1.3.1 Influence of the solid  
 
 The structure of the plant material is complex. The classical descriptions used 
in chemical engineering cannot claim to cover all plant structures. The characteristics 
of particles are usually determined by: 
 - The porosity (ε), 
 - The tortuosity )(τ defined by the real length of pores in relation to the 
straight line along the direction of the main flux of diffusion (Lalou, 1995), 

 - The size and the shape of particles, 
 - The specific surface area (A). 
 

The porosity of the plant substrate is relatively high. The tortuosity (τ) 
classically being comprised between 2 and 6 may be more important in the case of 
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plants with compact structure. It is possible to measure the porosity, while it remains 
difficult to measure the tortuosity (τ).  

 
Simeonov, Tsibranska and Minchev (1999) have studied the kinetics and 

structural changes for the tobacco leaves (Nicotiana tabacum L.) - water and oak bark 
(Quercus frainetto Ten) - water systems. The variable effective diffusivity and 
porosity have been derived from a numerical approach being compared to 
experimental results. 
 

Indeed, the determinations of these factors are not so easy to solve since the 
plant material structure is often very complex. Besides, particle sizes and shapes are 
most of the time non-uniform. 
 

1.3.2 Influence of the solute  
 

The solute extracted acts on the diffusion by its molecular structure, size, 
localization, distribution and link into the plant material with other compounds. The 
various solutes extracted from fruits and vegetables permitted to show that the 
diffusion rate decreases when the molecular size increases (Dousse, 1978). The 
extraction rate of hydro-soluble material increases according to this order: organic 
acid > sugar > phenol (Lalou, 1995).  
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Many authors have attempted to propose correlations for diffusion 
coefficients. Table 1.3 presents some of the equations used to calculate the diffusion 
coefficient of molecules in the liquid phase at different conditions.  

Equation Application domain 
 

Reference 

Einstein: 
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 Anderson, 1973 ; 
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et al., 1973 
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large size spherical solute 
particle in relation to the 
solvent 
 
 
 
 
 
If solvent is H2O and VA<VB, 
k=25.2 10-8 

 

5.1≤
A

B

V
V

 

 
 
 

5.1>
A

B
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Perry et al.; 
Wilke and Chang, 
1955 
 
Scheibel, 1954 
 
 
 
 
 
 
Skelland, 1974 

 
A: solute; B: solvent; DAB: Diffusion coefficient of solute A in the solvent B; KB: 
Boltzmann constant; T: Temperature; f: friction coefficient; ra : radius molecule; η: 
viscosity; M: molar mass; VA : molar volume of the solution A at the normal boiling 
point temperature VB: molar volume of the solution B at the normal boiling point 
temperature. 
 
Table 1.3 Published correlations relative to the diffusion coefficient 
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1.3.3 Influence of the solvent  
 

As in the case of the solute, the nature and the molecular size of the solvent 
affects the diffusion rate. The smaller the size of the solvent molecule, The higher the 
diffusion. (Leybros and Fremeaux, 2002). The choice of solvent is first determined by 
the chemical structure of the material to be extracted. Since the vegetal oils consist 
essentially of triglycerides of fatty acids, they are normally extracted with hexane 
whereas for the free fatty acids, which are more polar than the triglycerides, more 
polar alcoholic solvents are used. 

 
Some classical criteria help in the selection of solvent: 

 
Selectivity: Selectivity of the solvent is of great importance. The purity of the 

recovered extract will have consequences on the possible further upgrading steps. 
Maximum selectivity consistent with solvent capacity is desirable. This concept has 
been extensively applied in liquid-liquid extraction (Treybal, 1963). 
 
 A good solvent, selective and volatile, provides some rich solutions while 
reducing the operation of evaporation and purification (recovery).   
 
 Physical Properties: The choice of a solvent with low viscosity and of density 
relatively low is recommended to facilitate the diffusion of solvent, agitation and 
mechanical separation. Low surface tension facilitates wetting of the solids in the first 
extraction stage. A high boiling solvent with a high latent heat of evaporation requires 
recovery conditions that may be adverse for thermally sensitive extracts and will 
increase the cost of solvent recovery. 
 
 Thermal stability: At the processing temperature the solvent should be 
completely stable in order to avoid expensive solvent purification and losses. 
Contamination of the solvent-free solute with any solvent breakdown products must 
be avoided, especially in food products. 
 
 Hazards: The solvent should be as much as possible non-toxic and non-
hazardous (i.e. non-flammable and non-explosive). 
   
 Cost: The cost of fresh solvent has to be as low as possible. 
 
 Besides, in the case of aqueous extraction, pH measurement gives some 
control on selectivity (Hildebrandt et al, 1970). 
 
 Except for hexane (aliphatic hydrocarbon) previously mentioned, the short-
chain alcohols are also an important class of solvents. They are generally used in 
admixture with water and a large range of compositions is therefore available. 
Another large class of extraction solvents are the halogenated hydrocarbons. A 
solvent of promising interest is liquid or supercritical carbon dioxide that appears to 
be suitable for extracting flavour components from plants (Laws, 1977). However it 
requires operation under pressure of up to 7 MPa (70 atm) (critical pressure, cp  =7.3 
MPa) which affects the cost of the extraction unit, although solvent recovery seems 
likely to be more economical than in the case of conventional solvents.  
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  In conclusion, the principal solvents used are water, alcohols (methanol, 
ethanol), and hydrocarbons (hexane).  

1.3.4 Influence of the temperature  
A higher temperature generally increases as well as solubility and the 

diffusivity of the solution and reduces the viscosity of the solution. Operational 
temperature is limited by the risks of extracting harmful compounds as well as the 
risks of thermal degradation of the solute, and by the security of the installation (fire 
hazard).  
 

1.3.5 Influence of agitation 
 
 The mechanical agitation of particles in the solvent, that permits their 
maintenance in suspension and the homogenization of the medium, has an effect still 
favourable on the operation. Furthermore, agitation will have great influence on mass 
transfer at the solid – liquid interface. 
 

1.3.6 Influence of humidity 
 

In the utilization of a hydrophobic solvent, the diffusivity is inversely 
proportional to the water content of solid (Leybros and Fremeaux, 2002). 
 
 

1.4 METHODS OF EXTRACTION 
 
 Selection of methods of solid-liquid extraction depends on the answer to the 
following question: how much extraction time is required to approach equilibrium? 
Particularly, when a low extraction rate requires an extended residence time or when 
the nature of the solid material does not facilitate the continuous transport. If the 
extraction is accompanied by a chemical reaction, a stagewise operation is preferred, 
the residence time being determined by the reaction rate.  
  
 The methods of recovery depend largely on the solute and to some extent on 
the solvents. Solvent recovery is often energy consuming and a complete process 
energy analysis is recommended to reduce the costs. 
 

1.4.1 Single stage or simple contact operation 
 
 This is the simplest way to operate, but is assumes that extraction is restricted 
to one theoretical stage. It generally involves a large amount of solvent, so that the 
solvent is never saturated and it generally corresponds to a batch process with large 
contact times to allow the diffusion of the solvent and the solubilization of the solute. 
In a continuous process, it corresponds to a co-current operation. 
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1.4.2 Multiple stages operation 
 
1.4.2.1 Cross-current operation 
 

The cross-current operation is illustrated by the Figure 1.9:  
 
 

 
 
 
 
 
 
 

 
Figure 1.9 Cross-current extraction 

 
 The feed is contacted with a fresh solvent. It corresponds to the first stage, that 
is similar to a simple contact. Then the raffinate coming out the first stage is contacted 
again with fresh solvent. This operation is repeated N times, performing by this way 
N theoretical stages. This operation may be achieved in a soxhlet for instance, at the 
laboratory scale. 
  

This method ensures that the solid feed is exhausted at the end of the process, 
but the main disadvantage lies in the fact, that a huge amount of fresh solvent is 
required. Subsequently, a counter-current operation is most of the time preferred to a 
cross-current process. 

 
1.4.2.2 Counter-current operation  
 
 In counter-current extraction the solid feed and solvent enter at opposite ends 
of the extractor so that the raffinate and extract flow counter currently, as shown in 
Figure 1.10. By this means the rich extract is brought into contact with entering feed 
containing the highest concentration of solute, thus achieving a constant driving force 
along the process a low solvent consumption and a high extract concentration.  

 
For these reasons, it is probably one of the most popular way of operating 

separation processes. But in the case of solid-liquid flows, the counter-current 
operation is not simple to manage, since the hydrodynamics often not favorable. The 
density difference between the solid phase and the solvent are often so low that it does 
not allow simple counter-current flow. 
 
  
 
 
 
 
 
Figure 1.10 Counter-current extraction   
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1.5 PULSED COLUMN EXTRACTION 
  
 One of the requirements for effective solid-liquid extraction is through mixing 
of the two phases. In a batch extraction this is easily accomplished by agitating the 
two phases then allowing both phases to settle and the separate both phases. By a 
suitable arrangement of mixing vessels and settling tanks it becomes possible to 
operate stagewise and countercurrent. However, if many repeated extractions are 
necessary this method is likely to be awkward and expensive. In order to reduce the 
number of pieces of equipment for countercurrent extraction, it has become more 
practical to use packed columns. Many studies have been made and proposed the use 
of agitation to help mass transfer. A classical method is based on the pulsation of the 
liquid to improve turbulence throughout the column. 
  
 Liquid-liquid extraction in pulsed columns is today a classic unit operation. 
The principles of pulsed columns were established by Van dijck (1935) who described 
two methods of pulsation. One involved the use of horizontal perforated plates that 
were mechanically moved up and down, while liquids passed through the extractor. 
The other involved keeping the internals of the extractor stationary, while the liquids 
were to be pulsed by an outside mechanism, the motion of which was transmitted to 
the liquid hydraulically. In pulsed plate or packed columns, mass transfer rates are 
enhanced without much axial mixing, permitting lower column heights. This has led 
to wide applications, particularly in the solvent extraction of radioactive materials 
where the possibility of creating the pulsing action remotely is an advantage. 
Classically, pulsation is transmitted directly from a piston to the continuous phase in 
the column filled with stationary packing or plates. 
 
 The amplitude and the frequency of pulsation are the parameters that control 
either the residence time of the phases or the turbulence level inside the 
compartments. In the case of liquid-liquid flow, it allows to control the droplet size, 
and consequently, the interfacial area. 
 
 Choice of packing and plates depend on the system chosen and on the process 
flexibility needed. This choice can be perforated plates, sieve plates or discs and 
doughnuts. The latter one is particularly well adapted to solid flow. 
 

1.5.1 General characteristics of pulsed columns 
 
 The fluid dynamic characteristics of pulsed plate columns in the case of liquid 
dispersions have been described by Sege and Woodfield, (1954); Chantry, (1955); 
Edwards, (1956); Geier, (1957); Richardson, (1961) and Berger, (1978). Figure 1.11 
shows five distinct types of flow regimes that have been observed in pulsed columns 
as a function of throughput and pulsating conditions, characterized by the product of 
amplitude by frequency of pulsation. 
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Figure 1.11 Different types of flow regimes in a pulsed column  
 
The flow regimes are called: 
 

- Flooding by insufficient pulsation 
- Mixer - settler type operation 
- Emulsion type operation 
- Cyclic flooding 
- Flooding by emulsification. 

 
 At low pulsation and low flow rates the dispersed phase coalesces under the 
plate (or above, depending on which phase is dispersed). This region is called the 
mixer-settler regime since the liquids are mixed and allowed to settle as in mixer-
settler contactors. Occurring at low flow rates and frequencies, as indicated, this 
regime is characterized by the separation of the light and heavy phase during the 
quiescent portion of the pulsation. The column operation is very stable but inefficient, 
in terms of mass transfer performance, compared with the operation in the emulsion 
regime. 
 
 For higher flowrates, but still low pulsing condition, the mixer-settler regime 
is so much enhanced that the dispersed phase accumulates close to the plates leading 
to local flooding. The phases are no longer able to flow counter-currently and the 
regime corresponds to a global flooding of the column by insufficient pulsation. 
This regime is obviously disregarded. 
 
 At higher flowrates, but now at higher pulsing conditions, the dispersed phase 
is dispersed homogeneously inside each compartment of the column, with uniform 
droplet sizes. This regime is called the emulsion regime, well adapted to stable 
conditions and to efficient mass transfer rates. 
 
 The cyclic flooding region occurs at even higher throughputs and frequencies. 
It is characterized by a mixture of coarse and fine droplets of dispersed phase, 
forming large irregular shaped particles of dispersed phase by coalescence with fines 
and rising periodically throughout the column. This region corresponds to an unstable 
operating region and the efficiency of the column is generally poorer than in the 
emulsion regime.  
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 The flooding by emulsification is encountered by increasing both flowrates 
and pulsation intensity beyond the cycle flooding region. Counter-current flow 
throughout the column no longer exists and there is even some probability of phase 
inversion. Generally, it leads to dramatic phase entrainment. This regime is obviously 
disregarded. 
 

 Considering now the application to solid-liquid processes, the need for a 
continuous liquid-solid contactor was primarily developed for processes involving 
radioactive material. (Grimmett and Brown, 1962) have presented a column which 
consists of five contact stages with solid, stainless steel balls, accumulated on each 
stage, each stage allowing a 1 inch bed of solid to be accumulated. The solid and 
liquid phases flow counter-currently, the solid flowing down, the liquid up. The 
hydraulic pulse was introduced at the bottom of the column. From the bottom of the 
column, the solid is air-lifted as a slurry into a liquid-solid separator. The column is 
pulsed by a piston pulser with a 2 inches diameter piston. A variable speed motor 
allows the amplitude to vary from 0 – ½ inches and the frequency from 0-2000 cycles 
per minute.  
 
 Figure 1.12 shows the observed operating characteristics of the contactor. 
Assuming that the liquid flow rate and pulse amplitude have been fixed, at zero 
pulsing frequency, a small solid flow rate can usually be maintained. However when 
the pulsing frequency is increased, a corresponding increase in solid flow rate is 
possible. This trend continues until a frequency of about 600 cycles per minute is 
reached, at this point the maximum solid flow rate is reached. A further increase in 
frequency decreases the allowable solid flow rate. 
 
 

 
Figure 1.12 The pulsed flow regimes in the case of a solid-liquid counter-current 
application 
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According to frequency used, four characteristic operating regions can be 
observed. Region 1 is equivalent to a Poor fluidization with the liquid-solid interface 
rising and falling with the applied pulse. Region 2 is Smooth fluidization with a 
definite liquid-solid interface. The transition between these two regions is not sharp. 
Transition to Region 3 is sharp, this region is equivalent to Turbulent fluidization 
and an indefinite liquid solid interface. Region 4 represents a smooth fluidization, a 
definite liquid-solid interface and a sharp transition from Region 3. The upper 
boundary of the region, if one exists, has not been observed. 

 
Figure 1.12 shows that the boundaries are universal. They are influenced by 

the pulsation amplitude, the physical properties of the solids, the configuration and 
dimensions of the column, and to some extent by the liquid flow rate. Generally, an 
increase in liquid flow decreases the maximum solid flow. 
 

In our laboratory, (Sutham Sukmanee, (1984); Galaya Srisuwan, (1988); 
Haunold, (1991)) have studied for many years the exploitation of a disc and doughnut 
pulsed column for solid-liquid contact purposes. They have considered the solid phase 
as a population of different sized particles, circulating by gravity counter-currently to 
the solvent. This procedure makes possible and ensures a perfect impregnation of the 
particles by the solvent and an effective control of the driving force. Thus, they can 
reach efficiencies close to that obtained in a batch, although phase contact times are 
not at all the same orders of magnitude in the two cases (some minutes in columns 
against some hours in agitated vessels).  

 More recently, Somkiat Ngamprasertsith (1993) has considered the 
optimizating exchange conditions between the two phases while trying to minimise 
the consumption of solvent. Additionally, some points of disagreement between 
experience and simulation that subsisted after the work of (Sutham Sukmanee, (1984); 
Galaya Srisuwan, (1988); Haunold, (1991)) have been solved in this work. 

 But, some difficulties have been also exhibited. Practically, the counter-current 
flow between small, light particles and the solvent dictates some conditions on the 
throughput. Generally low flowrates are recommended so that the risk of solid phase 
entrainment interesting is reduced. This observation has led us also to a new 
consideration on the way of pulsating the column.  

The objective is to have at our disposal a more flexible system than the piston 
way  of pulsing which only permits a regular sinusoidal motion of the phases, leading 
to a kind of fluidization for the small particles. Therefore, we became interested in the 
air pulsating systems.  

1.5.2 Air pulsed column  
 
Air pulsed columns have been developed on a large scale for over one century 

in the coal mining industry. In 1954, Thornton was the first author to propose the 
advantages of isolating the pulser from the liquid contents in the column extraction by 
using an air space. The air pulsing technique acts as a barrier between the process 
liquid and any moving parts (piston or bellow) and prevents rapid changes in pressure. 
The pulsing device acts on the air column, which transmits the pulsation to the 
continuous phase. The air pulsing offers the main advantage of isolating the pulser 
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from the process liquid and for this reason has been widely used in the nuclear 
industry. It has been estimated (Weech and Knight, 1967) that the cost of an air 
pulsation system with injection and exhaust valves is only 12 percent of that of an 
equivalent piston pulsator, so it seems likely that air pulsing has to be used in new 
applications where investment cost is an important criterion. Jealous and Johnson 
(1955) had calculated the power required by a sieve plate column assuming that each 
perforation behaved as an orifice with a non-recoverable pressure drop. They found 
that the non-recoverable power was but a small fraction of the power required to 
accelerated and decelerate the pulsing liquid, so that piston power ratings had to be as 
much as fifty times the actual power dissipation. This disadvantage can be eliminated 
by air-pulsing at the resonant frequency of the air-liquid system. However it should be 
noted that if the system is non-resonant, air-pulsing consumes more power than direct 
pulsing (Thornton, 1954).  
 
 The commercial extraction equipment surveys, (Akell and Reman, 1966) had 
described that pulsed columns are currently used only at a small scale and to a limited 
extent. One problem is the distribution of the pulsation uniformly across a large cross-
sectional area. The pulsation generators involving moving parts (pistons) tend to 
become very costly as the displacement volume requirement is raising. A solution to 
this problem is to apply the pulsation to the liquid indirectly, through an air column 
(Thornton, 1954). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13 (a-d) show typical arrangements for air pulsing system (Baird, 1967): 
piston (a), rotary valve (b), self-triggered (c), and water-blow (d) (detail of pulsed leg 
only). 

Weech and Knight (1967) successfully studied a pulsed column of 26 cm in 
diameter and 12.4 m in height by using a pair of air injection and exhaust valves 
controlled by rotating cams. The work of Baird (1966, 1967) developed an air pulse 
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technique, which requires no mechanical moving parts to pulse a solvent extraction 
column at low amplitudes. As the operating frequency is close to the natural 
frequency of the system, the power consumption for given intensity is quite minimal. 
The advantages of the air pulsing technique are the relatively low capital costs of the 
equipment, their applicability to large columns, and a higher flexibility than a 
mechanical moving piece (Milburn and Baird, 1970). 
 

The main suggestion is that the column should be operated at its natural 
frequency. The advantages are minimum energy and air consumption for given pulse 
intensity, sinusoidal and therefore reproducible and smooth waveform and finally 
energy and air requirements are simpler to predict. 

 
An operating method of the column at its natural frequency with self-triggered 

control system was chosen. The column is controlled by a solenoid valve that could 
be linked electrically to a liquid level-sensing device (Figure 1.13.c), to ensure 
operation at the natural frequency by Baird (1965). However a large air control valve 
would need to be operated for the pilot scale and the control system would require an 
automatic shut-off in case of failure of one component (Baird, 1967). The 
maintenance problem with self-triggering system was the main reason for the 
preference to a rotary valve drive for the pulser, as described by Weech and Knight 
(1967). The simplest air pulsing system, involving no moving parts or valves and the 
energy source is compressed gas, called the "water blow" system (Figure 1.13d). The 
pulse leg is provided with a small discharge orifice and air is constantly supplied to it. 
With proper sizing of the discharge orifice, air and liquid discharge from it 
alternatively, and the liquid level surges up and down at the natural frequency.  
 
 Baird (1967) had studied the air pulsing column of water (water blow) in 
column of 1 inch, 3 inches and 6 inches in diameter. The basic principle of water blow 
is simple and will be explained in Figure 1.14a. Figure 1.14a shows a column of 
liquid in a U-tube, one leg of which is open to the atmosphere and the other closed. A 
gas supply G enters the closed leg and leaves by way of a small discharge tube set in 
the side of the leg. Simultaneously a liquid supply L enters the U-tube. After a time, 
the liquid level rising in both arms of the U-tube causes the liquid level to rise in both 
legs of the U-tube. Then after, the liquid column is unbalanced as shown in Figure 
1.14a, with liquid and gas competing to get out of the discharge. This situation is 
unstable, because if the liquid momentarily blocks the discharge it allows the gas 
pressure in the closed leg to rise and push the liquid column downwards. The inertia 
of the liquid is such that it continues downwards after clearing the discharge, allowing 
the gas pressure in the closed leg to fall nearly to atmospheric pressure. As the liquid 
column is unbalanced, it then moves back down the open leg and up the closed leg 
until the discharge is again blocked by liquid. Thus it will be seen that the liquid 
column continues to oscillate, being alternately subject to gas pressure and to the 
static pressure due to its own imbalance. The alternating liquid flow discharge is 
normally much less than the gas flow because of the higher density of the liquid.  
 
 The name “water-blow pulsation” has been given to the above technique 
because of the characteristic noise and appearance of the discharge (Baird, 1967). 
Although the principle of operation is simple, the underlying theory is not completely 
understood. The various flow rates and various apparatus designs are shown in (Figs. 
1.14a to 1.14d).  
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Figure 1.14 Water-blow pulsation apparatus (not at scale) 
 

 
For obvious reasons of cost and space, the pulse leg is close to the column 

with a smaller diameter than the column: pulse leg to column diameter ratios have 
been reported between 0.29 (Weech, 1967) and 0.5 (Uhle, 1965). However if the 
pulse leg is very narrow, the velocities in it can become so large that friction losses in 
the pulsed leg can exceed those in the main column. The use of long radius bends, 
diffusers, etc. can reduce losses but the most effective parameter is the pulse leg 
diameter. For a given design there will be an optimum diameter determined by a 
balance between higher friction losses at small diameter and higher piping cost and 
space requirement at large diameter ratios. 
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CONCLUSION  
 
 This chapter has presented the material, the methods and the equipment of the 
present study.  

 
First, Andrographis paniculata is a widely used traditional plant in Thailand. 

The botanical characteristics, the properties of the plant, the historical and traditional 
use, the cultivation, the harvesting-storage conditions, including the chemical study 
on the active principle of this plant have been detailed. 
 
 Second, the mass transfer mechanism has been reviewed and the difficulties 
arising from the plant morphology have been emphasized. 
 
 Finally, the general characteristics of pulsed columns have been reviewed. In 
this work, we have focused our attention on the pneumatic pulse system with air, 
which seems to be more flexible and appropriate to the solid-liquid flows than the 
mechanical system. The reasons for that choice are purely hydraulic in nature. 
Because of the low density difference between a plant material and a solvent, it is 
sometimes difficult to operate continuously and the smaller particles tend to fluidize 
in the column, before being either entrained by the continuous flow or highly 
accumulated at the feed, hindering phase flow. 
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CHAPTER II 

BATCH EXTRACTION EXPERIMENTS 
 

INTRODUCTION 
 
 This chapter presents some of the preliminary experiments performed on 
Andrographis paniculata in order to obtain the characteristics required by the solid-
liquid extraction process.  
 
 The first part aims with plant characteristics such as determination of size, 
shape, structure and initial concentration of solute obtained in soxhlet experiments.   
 

The second part is devoted to the batch extraction experiments, leading to an 
analysis of the influence of the main operating parameters such as mass of solid, 
percentage of ethanol solution, size of particles and temperature.  

 
The third part is devoted to the destruction of the active principle due to 

temperature, age and storage. 
 

 The last part will give information on the hydrodynamic behaviour of the solid 
in the solvent.  
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2.1 PLANT ANALYSIS 
 
 The plant is analysed in order to determine plant characteristics such as: size 
class, shape, structure and initial concentration of solute.  
 
2.1.1 Material  
 
 The raw material is sieved into six parts according to the following 
distribution of particle sizes:  
 

1 particle size less than 0.1 mm 
2 particle size from 0.1 to 0. 3 mm 
3 particle size from 0.3 to 0.45 mm 
4 particle size from 0.45 to 0.6 mm 
5 particle size from 0.6 to 0.8 mm 
6 particle size larger than 0.8 mm 

 
After every sieving, each particle class was weighed. The distribution in mass 

of the size fractions of the raw material is illustrated in Table 2.1. 
 

Diameter Mass of solid (g) % mass 
d<0.1 5.8 16.9 23.6 15.13 5.00 

0.1<d<0.3 17.4 49.4 62.8 43.2 14.28 
0.3<d<0.45 18.8 51.5 68.55 46.28 15.30 
0.45<d<0.6 15.7 45.1 59.3 40.03 13.23 
0.6<d<0.8 17.5 51.4 71.2 46.7 15.43 

d>0.8 46.3 125.6 161.8 111.23 36.76 
 
Table 2.1 Mass percentage of solid 
 
 

Figure 2.1 shows the distribution of mass percentage of the plant according to 
the diameter. This figure shows that there are quite the same percentage on class size 
0.1-0.3 mm, 0.3-0.45 mm, 0.45-0.6 mm and 0.6-0.8 mm. All the class sizes (except d 
< 0.1 mm and d > 0.8 mm) will be used in the batch reactor experiments.  
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Figure 2.1 Distribution of mass percentage versus diameter of solid 
 

  

2.1.2 Plant Structure and geometrical characteristics  
 

Andrographis paniculata samples were scanned with a Scanning Electronic 
Microscope (SEM) in order to obtain visual observations of its structure, especially 
the thickness and the shape of the plants. As a result of the observations, the particles 
can be separated into two shapes (cylinder refers to stems and plate refers to leaves). 
The thickness of leaves can be considered as 35 µm and the diameter of stem is 900 
µm. The pictures of leave and stem of Andrographis paniculata from SEM are 
presented in Figure 2.2. 

 
 
 
 
       
 
 
 
 
 
 

 
 
 
 
 
Figure 2.2 The structure of Andrographis paniculata (leaf and stem) from the 
Scanning Electronic Microscope 
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2.1.3 Porosity and apparent density of solid   
 

Experiments were performed as follows: 
 
 A known mass M of solid was introduced in a test-tube. Then a known mass of 
Msol corresponding to Vsol was introduced. The initial total volume of the solid-liquid 
mixture was noted as V0. The test-tube was closed in order to avoid evaporation and 
was allowed to rest for one day (24 hours is generally sufficient). The final total 
volume V was measured. Then, we separated out the solid and weighed the isolated 
humid solid mh, then dried it in an oven at temperature of about 60°C. During drying, 
the solvent absorbed in pores of the solid were vaporized and a mass of dry solid ms 
was obtained. 
 
 We used two methods to determine the porosity and apparent density of the 
solid: 
  
Method 1: determination ε and ρapp by variation of volume 
 

The experiment is as follows: 
- We define the total volume of the solid (volume taking into account the pores): 

 

Vt = V0 - Vsol     (2.1) 

 
- We define the empty volume in the solid (volume of pores): 

 

Vp = V0 – V     (2.2) 
 

From the definition of the porosity: ε = empty volume of pores / total volume 
of the solid 

 
We can calculate the porosity of the solid, then: 

t

p

V
V

=ε      (2.3) 

However, it is necessary to understand that we can never be certain that all the 
restrained air in pores has been replaced by solvent; then we cannot be sure we have 
reached a reasonable approximation of the porosity (Lalou, 1995). 

 
To determine the apparent density, we use a simple method based on the 

measurement of the volume occupied by a solid mass. 
 

Experimentally, we have: 

ρapp =
M
Vt

     (2.4) 
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Method 2: to determine ε and ρapp based on the rate of the dry material ω and ρnet  
 
-We define a net density of the solid without pores: 

 

ρnet =
M

V −
Msol

ρsol

               (2.5) 

V  : The measured volume at the end of experiment, 

M : Mass of solid, 

solM : The initial mass of solvent (ethanol),   

solρ : Density of solvent (ethanol), 

- We defined an apparent density of a solid particle of ε porosity: 
 

( )
ω

ερ
ρ

−⋅
=

1net
app                (2.6) 

 

ω : The dry matter rate  of the solid at the  end of experiment. 

 

- We define a dry matter rate ω corresponds to a particle of which pores are filled 
entirely by solvent 
 

solventabsorbed ofmasssolid dry ofmass
solid dry  of mass

+
=ω  

 

ω =
ms

m s + msol

=
1

1 +
ρ sol

ρ net

. ε
1 − ε

⎛ 
⎝ 

⎞ 
⎠               (2.7) 

The experiment then leads to: 

ω =
ms

m h

                (2.8) 

Porosity 

     

ω
ω

ρ
ρ

ε

−
+

=

1
.1

1

net

sol
               (2.9) 

Tables 2.2, 2.3 and 2.4 present the results of the experiments for two solid 
diameters (0.45-0.6mm and 0.6-0.8mm) with variations of 60% and 30% ethanol 
concentration and mass solid (20 g for 200 ml solvent and 5g for 100 ml).  
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Table2.2 Determination of porosity and density by using solid: 0.45-0.6 mm, 5 g, 
solvent: 60% ethanol, Troom : 20° C 
 
Parameters     Experiments     
  1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 Average
  M (g) 5.05 5.05 5.05 5.01 5.01 5.01 5.01 5.01 5.01 5.02 
  Ml (g) 88.67 88.67 88.67 88.73 88.73 88.73 88.28 88.28 88.28 88.56 
  Vl (ml) 99 99 99 99 99 99 99 99 99 99 
  V0 (ml) 1052 105 105 105 105 105 105 105 105 105 
  V (ml) 103 103 103 103 103 103 103 103 103 103 
  m (g) 0.57 0.56 0.57 0.55 0.56 0.57 0.54 0.57 0.56 0.56 
  mh (g) 2.86 3.07 2.55 2.76 2.81 2.77 2.98 2.57 2.79 2.80 
  ms (g) 0.84 0.90 0.77 0.84 0.87 0.89 0.93 0.82 0.91 0.86 
  METHOD 1           
  ε    0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

  ρapp (kg/m3) 841.67 841.67 841.67 835.00 835.00 835.00 835.00 835.00 835.0
0 837.22 

  METHOD 2           
  ω 0.29 0.29 0.30 0.30 0.31 0.32 0.31 0.32 0.33 0.31 
  ρnet (kg/m3) 1436.71 1436.71 1436.71 1453.16 1453.16 1453.16 1267.54 1267.54 1267.5

4 1385.80 

  ε    0.79 080 0.79 0.79 0.78 0.77 0.76 0.75 0.75 0.78 

  ρapp (kg/m3) 294.63 294.01 303.98 307.44 313.48 326.99 306.55 314.13 3218
7 309.23 

 
Table 2.3 Determination of porosity and density by using mass of solid: 20 g, solvent: 
60% ethanol , Troom : 20°C 
 

Parameter   Solid 0.45-0.6mm       Solid 0.6-0.8mm 
  (1) (2) (3) average (1) (2) average 

 M (g) 20 20 20 20 20.01 20.03 20.02 
 Ml (g) 176.6 176.6 176.47 176.56 179 177.6 178.3 
 Vl (ml) 200 200 200 200 203 202 202.5 
 V0 (ml) 212 214 214 213.33 217 218 217.5 
 V (ml) 208 210 210 209.33 212 213 212.5 
 m (g) 100.07 85.04 31.71 72.27 49.35 47.68 48.52 
 m1(g) 120.03 95.08 36.8 83.97 59.35 57.68 58.52 
 m2 (g) 103.84 87.09 32.86 74.6 51.34 49.82 50.58 
 mh (g) 19.96 10.04 5.09 11.7 10 10 10 
 ms (g) 3.77 2.05 1.15 2.32 1.99 2.14 2.07 
 Method 1   
 ε   0.33 0.29 0.29 0.3 0.36 0.31 0.33 
 ρapp (kg/m3) 1666.67 1428.57 1428.57 1507.94 1429.29 1251.88 1340.58 

 Method 2   
 ω 0.19 0.2 0.23 0.21 0.2 0.21 0.21 
 ρnet (kg/m3) 2028.35 1686.31 1665.82 1793.49 1791.81 1457.97 1624.89 

 ε   0.91 0.88 0.86 0.88 0.89 0.86 0.87 
 ρapp (kg/m3) 188.28 201.37 225.16 204.94 197.08 208.04 202.56 
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Table 2.4 Determination of porosity and density by using mass of solid 5 g, solvent: 
30% ethanol, Troom  : 20°C 
 

Parameters          Solid 0.45-0.6mm            Solid 0.6-0.8mm 
  1 2 average 1 2 average 

 M (g) 5 5 5 5 5.01 5.01 
 Ml (g) 94.4 94.06 94.23 94.97 96.13 95.55 
 Vl (ml) 100 100 100 100 101 100.5 
 V0 (ml) 106 105 105.5 106 107 106.5 
 V (ml) 104 104 104 104 104 104 
 m (g) 0.73 0.76 0.75 0.74 0.75 0.75 
 m1(g) 4.32 4.51 4.42 4.6 4.05 4.33 
 m2 (g) 1.64 1.64 1.64 0.98 1.65 1.32 
 mh (g) 3.59 3.75 3.67 3.86 3.3 3.58 
 ms (g) 0.91 0.88 0.9 0.24 0.9 0.57 

Method 1   
 ε   0.33 0.2 0.27 0.33 0.5 0.42 

 ρapp (kg/m3) 833.33 1000 916.67 833.33 835 834.17 
 Method 2   

 ω 0.25 0.23 0.24 0.06 0.27 0.17 
 ρnet (kg/m3) 989.84 924.61 957.22 1122.62 1547.27 1334.94 

 ε   0.77 0.77 0.77 0.95 0.82 0.89 
 ρapp (kg/m3) 231.78 210.94 221.36 56.14 274.86 165.5 

 
Note: m: weight of the paper filters   
 m1: weight of (wet solid + paper filters)   

 m2: weight of (dry solid + paper filters) 
 
 By comparing the experimental results derived from the two methods, we can 
notice that the second method, which was used by Prat in 1998, appears less accurate 
for our plant material. Values of apparent density that we obtained are very different 
relative to the possible real values. However, the first method used in this work, 
which is simpler, leads to more acceptable values. 60% ethanol is better absorbed in 
the plant than 30% ethanol. 
 

During the experiments to determine ε and ρapp, we have two main remarks 
that can explain our observation: 

 
- The solid diameter that we chose to treat essentially corresponds to leaves. At 

the humid state, leaf particles glue themselves together easily (even with a good 
technique to separate solid-liquid) and keep a considerable quantity of liquid therefore 
on their contact surfaces. It may be the reason for erroneous value of mh, therefore, it 
affects the values of ω, ε and ρ (method 2). 

 
- While treating too large a mass of solid (20 g), two things are observed. First 

agitation is difficult when the solid rests; it remains a volume of restrained air in 
spaces between the particles. It creates erroneous value of V0 and V. The second 
reason: the height of the solid in the test-tube is important. As the height of the solid is 
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higher, the absorption of the liquid throughout the solid is difficult. It may explain 
why the V value is less precise in the experiments of Table 2.3. 
 
Results 
 
 The following result is obtained for the porosity ε and the density ρ of 
Andrographis paniculata: 

837=netρ  kg.m-3 
 33.0=ε  

 

2.1.4 Calibration curve of andrographolide by HPLC 
 

The objective for creating a standard curve of andrographolide is to link the 
HPLC area to the quantity of andrographolide that appears in the solution. The 
experiment is as follows: first, the standard pure crystals of andrographolide are 
dissolved to the exact concentration of 2.50 mg/ml in a 90 % ethanol solution, then 
the solution is diluted by 50% several time to obtain the concentrations of 1.25, 0.625, 
0.3125, 0.156, 0.078 and 0.039 mg/ml, respectively. The solutions are analyzed using 
HPLC (High Performance Liquid Chromatographic) to determine the relationship 
between the area under the curve and the concentration of andrographolide.  
 
Method of HPLC 
 

- Column: LICHROSORB RP18, 
- Size of column: 123 × 4.6 mm, 
- Mobile phase is methanol-water (50%-50% volume), 
- Volume injection: 25 µl, 
- Flow rate of mobile phase: 1.00 ml/min, 
- Detector wavelength: 223 nm, 
- Final time: 20 min. 

 
Figure 2.3 shows that the andrographolide concentration linearly increases 

with the area under the curve of the HPLC 
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Figure 2.3 Standard curve of andrographolide of 90% ethanol by HPLC 
 
 The experiments are also repeated in order to determine the standard curve of 
andrographolide by varying the percentage of ethanol with the aim to confirm the 
relation between the concentration and the area under the curve.  
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Figure 2.4 Standard curve of andrographolide of 47.5%, 60% ethanol by HPLC 
 

It is obvious that the relation between the concentration and the area under the 
curve is linear for the different concentrations of ethanol solutions. There is no effect 
of percentage of ethanol for this relation. Accordingly, the linear model can be 
applied in this circumstance. 

 
Equation is C = 4.00x10-5 Area under curve. 
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2.1.5 The Soxhlet Experiments 
 
 The soxhlet reactor is presented in Figure 2.5. This device is often used to 
obtain a reference for the initial composition of the solid phase. 
 

The goal of the soxhlet experiment is to determine the maximum quantity of 
andrographolide contained in the Andrographis paniculata. The soxhlet reactor 
permits multiple contact of the solid content in the extraction thimble with pure 
solvent at the temperature of condensation. The total solute contained in the solid can 
be extracted after a long enough time. The method corresponds to a cross-current 
contract method (Chapter I). 

 
This experiment is as follows: a 10 g mass of dry herb was introduced in an 

extraction thimble, then put into the soxhlet. Then 500 ml ethanol solvent was poured 
in the ball glass. This ball was heated  by an electric oven and  the temperature was 
kept constant during the experiment. The solvent was transferred by evaporation and 
condensation towards the upper part where it accumulated around and inside the 
extraction thimble, when the solution reached the level of siphon, the solvent flowed 
out back to the ball, where it was evaporated again. 
 

In this work, the experiments were done for different sizes of solid: 10 g of 
Andrographis paniculata of different sizes with 500 ml of 90% ethanol (solvent). 
Then, the soxhlet extraction products were analysed by HPLC to get the concentration 
of active ingredients in the raw material.  

 

 
 

Figure 2.5 Soxhlet Reactor 
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The concentrations of andrographolide in the extracted solution are presented 
in Table 2.5. 
 
Number diameter [Andro.]in solvent [Andro.] in particle Stems Leaves 

of exp. (mm) (mg/ml solvent) (mg/g solid) (%m) (% m) 

1 Only leaves 0.888 44.38 0.00 100.00 

2 Only stems 0.304 15.20 100.00 0.00 

3  d<0.1 0.598 29.88 49.68 50.32 

4 0.1<d<0.3 0.751 37.57 23.32 76.68 

5 0.3<d<0.45 0.795 39.73 15.93 84.07 

6 0.45<d<0.6 0.765 38.23 21.08 78.92 

7 0.6<d<0.8 0.766 38.30 20.83 79.17 

 
Table 2.5 Concentrations of andrographolide (mg/ml, mg/g) from soxhlet 
experiments (90% ethanol) 
 
 The content of andrographolide in leaves is 3 times more than in the stems. 
Concentration in stems is 15.2 mg/g and concentration in leaves is 44.38 mg/g solid. 

 The concentration is slightly different when using particle sizes of 0.1 to 0.8 
mm. This result shows that the concentration is also similar and the amounts of stems 
and leaves have a similar ratio. However, for solid particle size less than 0.1 mm (the 
fine particles) the concentration is smaller (certainly due to a different ratio of stems 
and leaves). 

 
 The mass fractions of the stems and the leaves in each solid diameter were 
calculated. The results show a mass fraction of leaves of 50% in the fine particle class 
(d<0.1 mm). For the other classes, the mass fractions of leaves and stems are nearly 
the same (20% of stems and 80% of leaves). 
 

Based on the experimental result, the initial concentration of solute was 
studied for different diameters with 90% ethanol. In Table 2.5, we found that the 
initial concentration is independent of the diameter. The next experiment will be done 
in order to study the influence of the percentage of ethanol solvent with the initial 
concentration. 
  

Number  Diameter % of ethanol % of ethanol [Andrographolide] 
 of exp. (mm) (solvent) (condensed) mg/ml mg/g 

1 0.6-0.8 15 60 0.609 30.45 
2 0.45-0.6 15 60 0.619 30.95 
3 0.45-0.6 0 0 0.184 9.2 
4 0.45-0.6 4 30 0.307 15.35 
 

Table 2.6 Concentration of andrographolide (mg/g) from soxhlet experiment 
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 Table 2.6 shows the andrographolide concentration using 10g of solid with 
500 ml of ethanol solution in the soxhlet experiment with different ethanol 
concentrations. Experiments 1 and 2 confirm that the diameter has no influence on the 
concentration of andrographolide. Experimentss 3 and 4 show a lower concentration 
of andrographolide.  
 

This can be due to a direct influence of the solvent: with less ethanol, the 
solvent cannot reach all the andrographolide inside the solid. This can also be due to 
an indirect influence: with less ethanol, the boiling point increases and consequently 
the extraction in the soxhlet is performed at a higher temperature. The molecules can 
be destroyed by the high temperatures or another substance can be extracted. More 
experiments will be done in Chapter 2.4 to verify which hypothesis is more 
plausible.  

 

2.1.6 Solubility  
 
 The experiments for the solubility were done by preparing one litre of ethanol 
solution, and then a powder of known solid mass is introduced into the mechanically 
agitated batch reactor. The experiments are done for 3 hours in order to ensure that 
maximum andrographolide is extracted. Then, the solid is separated and the solute is 
analyzed by HPLC. After separating the solid, a known mass of fresh solid is 
introduced into the ethanol solvent again. The experiments are done continuously 
until there is no longer any solvent for the fresh solid mass (there are some liquid 
losses by the absorption of the solid and filtration in each step). Figures 2.6 and 2.7 
indicate that andrographolide concentrations increase with the solid mass.  
 

Figure 2.6 shows the concentration of andrographolide when ethanol is 
evaporated at different times. For experiment 1 which uses 260 g of solid, the amount 
of solute is not sufficient to determine the evolution of concentration in the vacuum 
evaporator. However an idea is to put the solid into the fresh solvent for experiment 2.  
 
 Then the experiment 2 started with 200 g of solid in one litre of ethanol 
solvent. Experiment 2 showed that the andrographolide concentration linearly 
increases when the mass of solid increases.  This graph is unable to present the 
solubility of andrographolide with ethanol.  
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Figure 2.6 Andrographolide concentrations as a function of the solid mass 
 

The next experiment was done in a vacuum evaporator in order to evaporate 
the ethanol at low temperatures. The samples are taken at different times until almost 
the ethanol was evaporated. The result is presented in Figure 2.7.  

 
Figure 2.7 shows that the andrographolide concentrations continuous increase 

until the last sample. Since there is only a little amount of active principle in the plant 
material, it is very difficult to study the maximum concentration that can be extracted 
from the matter because a large amount of solid will be used in the reactor. However 
this result confirms that the ethanol solvent has a high capacity of solubilization of the 
andrographolide from Andrographis paniculata. 
  
 The concentration of andrographolide in ethanol increased up to 35 mg/ml but 
that does not yet seem to be the upper limit. More experiments are to be performed in 
order to obtain the solubility. One way can be to start from crystals.  
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Figure 2.7 Andrographolide concentrations at the different times in vacuum 
evaporator 
 
 

2.2 KINETICS OF EXTRACTION 
 
 The objective of the batch experiments was to measure global kinetics of 
extraction and to analyze the influence operating parameters was. The results will be 
used to prepare the continuous process in the disc and doughnut pulsed column.  
 

2.2.1 Batch reactor experiments  
 
 The batch reactor is shown in Figure 2.8. It is a very useful type discontinuous 
contactor for studying mass transfer and the kinetics of the extraction. The batch 
reactor is a glass container, temperature controlled, equipped with a syringe, which is 
used to sample the solvent during the experiment. An agitation by motor and a control 
of the temperature by a thermostat bath were well controlled during the experiment. A 
condenser situated at the top of the container permitted operation at atmospheric 
pressure. 
 
 500 ml of an aqueous ethanol solution was introduced in the one litre reactor. 
At time zero, a known mass of a particular class size of Andrographis paniculata was 
introduced in the reactor. The agitation ensured a good solid-liquid contact. Liquid 
samples were taken at different times 2, 4, 7, 10, 15, 20, 25, 30, 40, 60, 80, 100, 120, 
and 150 minutes, respectively. And the andrographolide concentration in the liquid 
phase was then measured by HPLC. As the analytic volume sample was 1 ml 
(compared with a total of 500 ml) the measurement was assumed to have no influence 
on the process.  
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Figure 2.8 Solid –liquid batch reactor 
 
 The objective of batch experiments is to study the influence of the initial mass 
of solid, the diameter of particle size, the concentration of ethanol solution and the 
temperature. All the results are illustrated in Appendix II.I. 
  

Fourteen experiments series are represented in Table 2.7. They were done 
under different operation conditions. 
 

 
Experiment 

number 
Temp oC Mass solid 

(g) 
Diameter 

(mm) 
% ethanol 

1. (C1) 22 10 0.6-0.8 80 
2. (C2) 22 10 0.6-0.8 70 
3. (C15) 22 20 0.6-0.8 60 
4. (C21) 22 20 0.6-0.8 0 
5. (C5) 22 10 0.45-0.6 60 
6. (C17) 22 10 0.1-0.3 60 
7. (C25) 40 10 0.6-0.8 60 
8. (C26) 50 10 0.6-0.8 60 
9. (C27) 60 10 0.6-0.8 60 
10 (C14) 22 10 0.6-0.8 60 
11 (C16) 22 5 0.6-0.8 60 
12 (C11) 22 10 0.6-0.8 0 
13 (C12) 22 20 0.6-0.8 0 
14 (C13) 22 30 0.6-0.8 0 

 
Experiments (C25), (C26) and (C27) were dome performed in Thailand 

 
Table 2.7 Experimental operating conditions 
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2.2.2 Effect of initial mass 
 
 Figures 2.9 and 2.11 show the concentration of andrographolide versus time 
for different amounts of solid particles with 60% ethanol and water respectively. The 
andrographolide concentration in the extracted solvent is nearly linear proportional to 
the mass of solid that has been used. These results show that within the experimental 
range, there are no solubility limits in the solvent at 22oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Influence of initial solid mass on solute concentration (500 ml of 60% 
ethanol, Troom: 22°C and solid diameter: 0.6-0.8 mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10 Influence of initial solid mass on solute mass percentage (500 ml of 60% 
ethanol, Troom: 22°C and solid diameter: 0.6-0.8 mm) 

 
Figures 2.10 and 2.12 show final concentration extracted as percentages as 

function of time for different amount of solid particles with 60% ethanol and water 
respectively. The percentage of extraction is determined by dividing each 
concentration at different times with the concentration at the final time (at 150 min). 
The curves show that the initial mass has no significant influence on the kinetics of 
extraction. 
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Figure 2.11 Influence of initial solid mass on solute concentration (500 ml of water, 
Troom: 22°C and solid diameter: 0.6-0.8 mm) 
 
 

 

 

 

 

 

 

 

 

 
Figure 2.12 Influence of initial solid mass on solute mass percentage (500 ml of 
water, Troom: 22°C and solid diameter: 0.6-0.8 mm) 

 

2.2.3 Effect of solvent concentration 
 
 Figure 2.13 shows the evolution of extracted andrographolide as function of 
time for experiments 1, 2, 3 and 4. The final concentration increases with percentage 
of ethanol.  

 Ethanol and water have similar solubility properties because they contain an 
hydroxyl group which is hydrophilic. Since ethanol is an organic solvent whereas 
water is an inorganic solvent, andrographolide (C20H30O5) which is a large 
hydrocarbon molecule can be better dissolved in ethanol although andrographolide is 
more polar (Wede, 1987). 
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Figure 2.13 Influence of percentage of ethanol on solute concentration (500 ml of 
ethanol solvent, Troom: 22°C, solid mass: 10 g and solid diameter: 0.6-0.8 mm) 
 

Figure 2.14 shows the percentage of final extracted concentration as a 
function of time. The percentage of extraction is determined by dividing each 
concentration for different times with the concentration at final time (at 150 min). The 
curves show that the percentage of ethanol has no significant influence on the kinetics 
of extraction (ethanol slightly increases the kinetics) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.14 Influence of the percentage of ethanol on the solute mass percentage (500 
ml of ethanol solvent, Troom: 22°C, solid mass: 10 g and solid diameter: 0.6-0.8 mm) 
 

Figure 2.15 shows the final extracted concentration as function of percentage 
of ethanol. The experiment results show that the final concentration of 
andrographolide increases linearly with the percentage of ethanol. 
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Figure 2.15 Influence of percentage of ethanol on final solute concentration (500 ml 
of ethanol solvent, Troom : 22°C, solid mass: 10 g and solid diameter: 0.6-0.8 mm) 

 

2.2.4 Effect of particle size 
 
 The graph in Figure 2.16 shows the evolution of extracted andrographolide as 
function of time for experiments 3, 5, 6 and 10 of Table 2.7. The differences in the 
final concentrations in the experiments are not significant enough to be analyzed as an 
effect of particle size. This difference can be due to the stems to leaves ratio in the 
samples.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.16 Influence of particle size on solute concentration (500 ml of 60% ethanol, 
Troom: 22°C and solid mass: 10 g) 
 

Figure 2.17 shows the percentage of final extracted concentration as a 
function of time for experiments 3, 5, 6 and 10. The curves show that the rate of 
extraction slightly increases with the decrease in the size of the particles. 
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This is a classical result since the pore diffusion path increases with particle 
size. But as the particles are sieved, the size classes obtained depend on the diameter 
for the stem (cylindrical shape) and on the width for the leaves (plate shape). Since, in 
the case of the leaves that contain the main amount of solute, the relevant dimension 
for the diffusion is the thickness, the effect of the size is expected to be not overly 
important in the experimental results.  

 
 In the case of the diameter variation, there are many reasons why the 
concentration at the final time (150 min) is not exactly the same but similar. The ratio 
of the stem and the leaf in each experiment is not identical, the extraction rate is also 
different (at the same volume, a cylinder has more surface area than a plate) and the 
initial stem concentration is lower than in leaf. 

 
Figure 2.17 Influence of particle size on solute mass percentage (500 ml of 60% 
ethanol, Troom: 22°C and solid mass: 10 g) 
 

2.2.5 Effect of Temperature 
 
 Figure 2.18 shows the evolution of extracted andrographolide as a function of 
time for experiment 7, 8 and 9 (experiment 3 does not appear on this figure because 
the plant used has a different origin and subsequently did not have the same initial 
concentration, see Chapter 2.3.2). The curves show that the final concentration 
increases with temperature. This can be due to the effect of temperature on the 
penetration of solvent inside the solid and on the thermodynamic effect on solubility, 
but further experiments should be done in order to confirm this result as the raw plant 
used did not have the same origin and consequently, the observed phenomena could 
come from differences in samples. 
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Figure 2.18 Influence of temperature on solute concentration (500 ml of 60% ethanol, 
solid mass: 10 g and solid diameter: 0.6-0.8 mm) 
 
 Figure 2.19 shows the percentage of final extracted concentration as a 
function of time for experiments 3, 7, 8 and 9. The curve shows that the temperature 
has some influence on the kinetics of extraction. The curves from 40°C to 60oC seem 
to be similar but a significant difference can be noticed with the experiments at 22oC. 
Since the coefficient can be written as a function of the temperature and the viscosity 

(Lalou, 1995): ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

η
TKfD , the coefficient of diffusion D is expected to increase 

with the temperature. 
 

 
Figure 2.19 Influence of temperature on solute mass percentage (500 ml of 60% 
ethanol, solid mass: 10 g and solid diameter: 0.6-0.8 mm) 
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2.3 KINETICS OF DESTRUCTION 
 

 Since the andrographolide concentration decreases with the ethanol-water 
solution to a value less than 0.20 mg/ml (Table 2.6) with the water, the following 
experiment will be done in order to find the rate of destruction of the andrographolide.  
 

2.3.1 Effect of boiling point temperature of solvent 
 
 The experiment was prepared in a one litre batch reactor, equipped with a 
mechanical agitation and a jacket in which, 500 ml of an aqueous ethanol solution 
was introduced. At time zero, a known mass of Andrographis paniculata was 
introduced in the reactor and the extraction was performed at 22°C for 3 hours. Solid 
and liquid phases were then separated. The solution was then heated to its boiling 
point and samples were taken and analyzed in order to obtain the kinetics of 
destruction of andrographolide. Three initial solutions were studied: 100% of water, 
7.5% and 15% of ethanol. Consequently the destruction was done at three different 
temperatures: 97°C, 92°C and 86°C, and measured in the reactor. The reduction of the 
concentration of angrographolide is illustrated in the Figure 2.20. It shows the 
concentration of andrographolide as a function of the reaction time at the boiling point 
of the solvent.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.20 Concentration of andrographolide by varying boiling points of solvent 
(solid diameter: 0.6-0.8 mm) 
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 It might seem that raising the temperature would always be a good way to save 
time by making the kinetics of diffusion goes faster. However the problem with 
raising the temperature is that all kinetics are accelerated, including all the unwanted 
side reactions. Since andrographolide is a lactone, the opening of the lactone ring 
could be the most likely destruction mechanism. However, the lactone ring would 
react in a different manner either with water or ethanol. The former will open the ring 
by hydrolysis, whereas the latter will do it by trans-esterification. Hydrolysis is 
expected to be a much faster reaction compared to trans-esterification. Then the rate 
of destruction should be a function of both, the temperature and the composition of 
the solvent. 
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Figure 2.21 Andrographolide molecular structures 
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Figure 2.22 Possible mechanisms of  the destruction of andrographolide 
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Then, the order of the reaction rate with respect to the andrographolide 

concentration has been determined by a series of experiments. Figure 2.23 shows the 
reduction of andrographolide as a function of time in logarithm scale. 

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
0 5 10 15 20 25 30 35

Time (min)

L
N

(C
/C

o)
 y = -0.0085x T= 86°C

y = -0.0239x  T= 92°C

          y = -0.0463x  T  = 97°C

 
Figure 2.23 Reduction of andrographolide concentration as a function of time for 
different temperatures (initial kinetics) in logarithm scale 
 
 Ln(C/Co) as a function of time seems, in a first approach, to be linear. The 
kinetics can then be approached by a first order system in respect with the 
andrographolide concentration. The rate constant generally depends on absolute 
temperature T following the law first proposed by Arrhenius: 

RT
E

kk a
o −= lnln             (2.10) 

 
Figure 2.24 Influence of temperature on the constant of kinetics 
  
k0 and Ea/R are determined by drawing ln(k) as function of 1/R ( Figure 2.24): 
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With these parameters it is possible to determine the percentage of 
andrographolide destroyed in the solution after 3 hours as a function of the 
temperature. The maximum temperature to have a percentage inferior to 98% is 
66.5°C. 
 
 Since the rate of destruction should be a function of both the temperature and 
the composition of the solvent, this first approach can certainly not be reproduced in 
all the experiments (as for the 97°C points). 
 
 The objective in this part is not to make a complete study of the rate of 
destruction but to explain the observed phenomena in soxhlet experiments (i.e. the 
very low amount of extracted andrographolide with low percentage of ethanol or pure 
water solvent) and consult on the choice temperature for the industrial implementation 
of the process. A simple first order reaction will then be assumed in respect to 
andrographolide concentration to represent the global kinetics of destruction. 
 

2.3.2 The influence of storage time on the herb quality 
  
 Two different main batches of herbs were used in this thesis. The first batch 
(Batch A) was harvested in 2001 and used in the experiments until January 2003. 
Second batch (Batch B) was harvested in 2003. 
 
 Figures 2.25 to 2.28 show the apparent kinetics of extraction for batch A in 
2001 and batch B in 2003. 
 
 In January 2003, we found that andrographolide concentrations decreased 
from 0.39 mg/ml to 0.15 mg/ml in water and from 0.60 mg/ml to 0.39 mg/ml in 70% 
ethanol, respectively. However, Figures 2.26 and 2.28 show that there is no major 
effect of age on the diffusion coefficient.  
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Figure 2.25 Influence of storage time on the solute concentration 500 ml of water, 
solid mass: 10 g (Batch A) 
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Figure 2.26 Influence of time on solute mass percentage 500 ml of water, solid mass: 
10 g (Batch A) 
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Figure 2.27 Influence of time on solute concentration 500 ml of 70% ethanol, solid 
mass: 10 g (Batch A) 
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Figure2.28 Influence of time on solute mass percentage 500 ml of 70% ethanol, solid 
mass: 10 g (Batch A) 
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Furthermore, parts of these plants had been in contact with humidity for 6 
months. The moist plants gave off strong odours due to fermentation. Next kinetics 
experiments were performed as shown (Figures 2.29 and 2.30) with 70% ethanol and 
in Figure 2.31 with 95% ethanol. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2.29 Solute concentration as function of time 500 ml of 70% ethanol, solid 
mass: 10 g by using the humid plant (Batch A) 
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Figure2.30 Solute mass percentage as function of time 500 ml of 70% ethanol, solid 
mass: 10 g by using the humid plant (Batch A) 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 20 40 60 80 100 120 140 160

Time (min)

[A
nd

ro
gr

ap
ho

lid
e]

 m
g/

m
l

70%(2003)

70%(2001)

Humid(2003)



 

 

66

0.00

0.04

0.08

0.12

0.16

0.20

0 20 40 60 80 100 120 140 160
Time (min)

[A
nd

ro
gr

ap
ho

lid
e]

 m
g/

m
l

95%(2003) humid

 
 

Figure 2.31 Solute concentration as a function of time 500 ml of 95% ethanol, solid 
mass: 10 g by using the humid plant (Batch A) 
 

The andrographolide concentration decreases from 0.62 mg/ml to 0.19 mg/ml 
using 95% ethanol and 0.39 mg/ml to 0.27 mg/ml extracted using 70% ethanol, 
respectively with the humid plant. The andrographolide concentration in plant 
decreases by about 40% within two years. The storage of plant must be done in an 
area without humidity to avoid deterioration.  
 

A new batch of plant was purchased in January 2003 (Batch B) for the 
experiments in the extraction column. The solid plant was used directly without any 
sieving or separating. The plant was allowed to contain smaller as well as larger sized 
particles. Additional experiments were performed in soxhlet and batch reactors in 
order to characterize the new batch of solid.  

 
The soxhlet experiment was done with 95% ethanol. The obtained 

andrographolide concentration was 28 mg/g of Andrographis paniculata. Figures 
2.32 and 2.33 show the andrographolide concentration and the percentage of 
extraction with 500 ml of 95% ethanol.  

 
Figures 2.32 and 2.33 show that the final concentration and the evolution of 

the new plant (Batch B) was less than with (Batch A) because there are some 
variations in particle sizes and the percentage of stem is greater than in Batch A. The 
andrographolide concentration results of Batch B are presented in Appendix II.II. 
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Figure 2.32 Solute concentration as a function of time 500 ml of 95% ethanol, 10 g 
and 20g of new plant (Batch B) and 10g, 0.6-0.8 mm of Batch A  
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Figure 2.33 Solute mass percentage as a function of time 500 ml of 95% ethanol, 10g 
and 20g of new plant (Batch B) and 10 g, 0.6-0.8 mm of Batch A 

 

2.4 SOLVENT ABSORPTION IN PLANT  

2.4.1 Solvent absorption   
 
 In order to prepare for the column experiments, the phenomena and 
characteristics of the plants in the solvent were observed. The experiment is done by 
first preparing 95 %, 70%, 50% and 0% ethanol solution in a measuring cylinder. The 
solid particle is measured and placed into the solution. Next the mixed solution is 
agitated for 3 min and allowed to it sink alone for 2 min. The volume occupied by the 
sinking and floating solid were then measured at each time, the experiment was done 
for 360 min.  
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Figure 2.34 The absorption of solid particles in the different ethanol solutions after 5 
min 

 
Figure 2.35 The floating and sinking volume percentages of solid particle in different 
ethanol solutions as a function of time 
 
 Figure 2.35 shows that during the early minutes, the floating part decreases 
quickly to 17, 37, 45 and 73% for the 95, 70, 50 and 0 % ethanol solutions 
respectively. Then this percentage decreases more slowly until a final value is reached 
(which depends on the nature of the solvent) after about 6 hours. 
 
 The process involved the absorption of solvent into the solid. As the porosity 
is filled up, the apparent density increases then the solid sinks. 

 
Figure 2.36 shows the ratio of percentage of floating material compared to the 

95% ethanol experiments: 

ethanol 95%for  floating % Volume
solvent specificfor  floating % Volume

%95 =R  

 
In a first approach we will consider that the kinetics is the same, but the final 

state depends on the percentage of ethanol due to tension surface and the difference in 
density. 
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Figure 2.36 The dynamics of the floating solid as for a 95 % ethanol solution as a 
function of time 

 
Figure 2.37 shows that the equilibrium is linked to the percentage of ethanol 

through the following relation: y = -0.0308(percent of ethanol) + 4.075. This equation 
has no physical meaning but will be useful for the industrial design of the process.  

y = -0.0308x + 4.075
R2 = 0.9888
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Figure 2.37 The mean %95R  as a function of the percentage of ethanol 

2.4.2 The relation of mass and volume of solid particle in the solution 
 
 In the pulsed extraction column, only volume is easily measurable. The 
volume-mass curves must be studied for both stems and leaves. The experiment was 
undertaken by first separating the floating and sinking parts of the dry solid particles. 
Both parts of the solid were introduced in different graduated cylinders to measure 
dry volume of floating and sinking solid (Vdry). Then 95% ethanol was poured in the 
cylinder. Finally the volume of solid in the solvent (Vsol) was measured. 
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Figures 2.38 and 2.39 show the relation of mass and volume of solid in the 
solvent (Vsol) for the floating and sinking parts respectively. The wet volume (Vsol) of 
floating (stems) and sinking (leaves) solid are 7.92 and 4.31 times the dry mass solid 
respectively.  
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Figure 2.38 The mass-volume relation of the floating solid (mostly stems) 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.39 The mass-volume relation of the sinking solid (mostly leaves) 
 

Figure 2.39 shows the dry volume of the sinking solid (Vdry) is close to the 
wet volume (volume in the solvent, Vsol ) of the sinking solid because most of the 
particle are made up of leaves which have a plane shape and sink readily in the 
solvent. The volume of the sinking solid in the solvent will be measured in the pulsed 
column to allow to find the mass of the solid which sinks in the solvent. 
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CONCLUSION  
 

In our study, Andrographis paniculata samples were scanned with a Scanning 
Electronic Microscope in order to have visual observations on the structure of the 
solid particles, especially the characteristic dimensions. As a result of the 
observations, the solid can be separated into two groups in term of differences in 
structure, shape and characteristic dimensions (stems and leaves). For each group, 
soxhlet experiments were performed to obtain initial concentration.  

 
Batch extraction experiments were then performed in order to study influence 

of operating parameter such as ethanol concentration, particle size and temperature. In 
this investigation, it was found that the sizes of the particle have very little effect on 
both extraction kinetics and final concentration. The percentage of ethanol in the 
solvent has also no effect on the kinetic of extraction but the final concentration 
increases with the percentage of ethanol. Then a reaction of degradation of the solute 
which is activated at high temperature (from about 70°C upward) was characterized. 
Next, the influence of the time after harvesting (storage time) was studied. The 
andrographolide decreases after 2 years of storage time and dramatically decreases 
after 4 months fermentation occurs. Finally, experiments on the absorption of solid in 
the solvent were conducted in order to see the hydrodynamic behaviour of the stems 
and of the leaves separately, including the percentage of absorption.  

  
Consequently, subsequent modelling steps had to consider the difference in 

particle shape. The experimental results will then be used to identify the diffusion 
coefficients for all experiments. The comparison between model and experiment will 
be presented in Chapter III.  
 
 The influence of the operating parameters presented in this chapter will allow 
for a choice of process conditions to be made in terms of solvent quality and 
temperature, based on economics or safety criteria. 

 
 

 



 

 

72

 

CHAPTER III 

 MASS TRANSFER MODEL 
 

INTRODUCTION 
 
 In the case of traditional solid-liquid extraction a monodispersed porous solid 
phase is the norm, assuming uniform particle shapes and sizes. However plants are 
heterogeneous in size and in shape as a result of the necessary mechanical pre-
treatment (size- reduction and fractionation of plants). 
  
 Often in solvent extraction systems, the diffusion of the solute inside the 
particle is the rate-controlling step. This is caused by the particle structure (void 
fraction, pore diameter and tortuosity etc.) or to the existence of membranes or cells. 
In our case, no chemical reaction occurs.  
 

In this chapter a model of the diffusion mechanism is developed, taking into 
account the heterogeneity of the material in particular the plant shape applied to the 
extraction andrographolide from leaves and stems.  
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3.1 MODEL HYPOTHESIS  
 
 The objective is to establish a mass transfer model and to compare 
experimental results with the model. It should then be possible to identify the 
diffusion coefficients as a function of ethanol percentage, particle size and 
temperature.  
 
In order to describe the andrographolide transfer, the following assumptions are made:  
 

1. The solid particles are presented in two shapes: a plane shape corresponding 
to the leaves and a cylindrical shape corresponding to the stems. The solute diffusion 
takes place in the transverse direction and is monodirectional. 

 
2. Every particle is symmetrical and homogeneous. 
 
3. The diffusion coefficient is constant throughout the experiment. The 

andrographolide concentration in a particle depends only on position and time. 
 
4. The solvent in the batch reactor is perfectly mixed. The transfer resistance 

in the liquid phase is negligible and the andrographolide concentration in the bulk 
phase depends only on time. 

 
5. The transport of the andrographolide particles is diffusional. It is described 

by a diffusion coefficient assumed to be constant for a set of conditions. 
 
6. At the interface, the concentrations of every species in solution between the 

internal liquid (in pores) and external to particles are supposed to be equal. 
 
7. Initial concentration in each experiment is calculated using the experiment 

at 150 min because the ability of extraction for each solvent is different. 
 
8. The mass percentage of leaves in all samples was assumed to be about 80%. 

(Chapter 2.2.2). 
 

 These assumptions led to a simplified diffusion model for mass transfer 
andrographolide from the solid. 
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3.2 GENERAL EQUATIONS  
 
 The general diffusion model for solid-liquid extraction (Prat et al., 1999; 
Seikova et al., 1999; Simesov, Tsibranska, and Minchev, 1999) with one space 
variable is: 
 

⎟
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⎛= −

− x
xtCx

xx
D

t
xtC

∂
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∂ ϕ

ϕ

),(1.),( 1
1    (3.1) 

 
Where t:  Time, 
 x:  Radial distance in the direction of mass transfer from the centre of the 
symmetrical particle,  

ϕ:  Geometric shape factor. It way take values of 1, 2 and 3 respectively 
corresponding to particles shape (plates, cylindrical and spherical), 
 C : The concentration of  andrographolide IN SOLID,   
 D: The diffusion coefficient of andrographolide.   
 
For the leaves: (ϕ = 1) 
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For the stems: (ϕ = 2)  
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3.2.1 Initial and boundary conditions 
 
a) Initial conditions (t = 0): 
 
 - For the continuous phase: Cs = 0 (concentration of solute in the solvent) 

- For the dispersed phase: ( ) 0CxC = , ∀x  
 

b) Boundary conditions: 
 

At the center of a particle,(x = 0) 

0),(
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=⎟
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- At the interface (x = e), equality of flux of andrographolide: 

The retiring flux from the solid:  

exx
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The incoming flux into the liquid:  
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dt
tdC

VF L
L

)(
=     (3.6) 

Where  VL: The solvent volume, 

 A: The specific area. 

 
The equality of flux from equations (3.5) and (3.6) is written as: 
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c) The mass balance 
 
The concentration of the mass of solute can be written as  
 

( ) VCdVxtCVtCt
V

LL 0
0

),(         , =+⋅∀ ∫   (3.8) 

Where 
LC : The concentration of the solute in the liquid phase, 

LV : The volume of the liquid phase, 
V : The total volume of the solid, 

0C : The initial concentration of the solute.  
  
And dV can be expressed by: 

dxx
e

MdVNdV pp ..
.

. 1−== ϕ
ϕρ

ϕ    

 (3.9) 

ρ
MdVV == ∫             (3.10) 

Where: 
 V : The volume of the solid, 
 Np : Number of solid particles contained in a mass M of solid for batch 
experiment, 
 Vp : Volume of a particle, 

ρ : Apparent mass volume of a solid particle, 
 e: The half of the thickness (or diameter) of the plate particle (or 
cylinders), 

M : Mass of the solid, 
 ϕ : Geometric shape factor. 
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3.3 COMPARISON BETWEEN EXPERIMENTS AND MODEL 

3.3.1 Numerical Treatment 
The equations are discretized using finite differences.  

 Equation (3.1) is developed as follows: 
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then: 
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 The resolution of this equation is done through the explicit Crack-Nicholson 
method.  
 

The thickness e (or diameter) of the solid particle (in the direction of the 
diffusion) is discretized according to n discretizations at constant ∆x. The time 
interval of the calculation (0 ≤ t ≤ t-final, t-final is the final time of the calculation) is 
discretized according to m time discretizations at constant ∆t. i and j are indiced with 
respect to time t and to position x ( i = 1   m; j = 1  n) in the finite different 
method calculation where:  
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By substituting equations (3.13) into equation (3.12), we obtain: 
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We can calculate values of C for all points (i, j) using the following discretized 
boundary conditions:  
 

i = 1 (t = 0):  C (1, j) = C0     ∀ j     (3.15) 

                CL(0) = 0 
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  j = 1 (x = 0):     0),()1,(
=

∆
−+

x
jiCjiC   ∀ i 

then:      C1(i, 1) = C1(i, 2)             (3.16) 

Using the conservation of the mass principle we write:    

0mmm LS =+        ∀t     (3.8) 

Where 
 Sm : Total mass of the solute in the solid phase, 
 

( ) dVxtCtm
V

S ∫=
0

,)(       (3.8) 

0m : Initial total mass of the solute in the solid,  
 

VCm ⋅= 00        (3.8) 
 

V:  Total volume of the solid, 
Lm :  Total mass of the solute in the liquid phase. 

 
The concentration of solute in the liquid phase is given by 
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 At t = i : equations (3.8) and (3.9) give: 
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Equation (3.8) and (3.10) give: 
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From equation (3.8), we may write: 
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The coefficient of diffusion D which is the only parameter can be identified 
using a simple dichotomy method based on a quadratic criterion.  
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3.3.2 Programming 
 

The model is programmed under the software Scilab 2.6.  
 
The data used in this calculation program are:  
 

m:  Mass of solid (kg), 
e:  Half of thickness (m), 
L:  Characteristic dimension of the particles (m), 
ρ : Density of the solid particle (kg/m3), 
V :  Volume of the liquid (L),  
Cof :  Initial concentration of leaves (g/g), 
 Cot :  Initial concentration of stems (g/g),  
t-final: Final time of calculation correspondent to the final time of batch 

experiment (min), 
D:  Diffusion coefficient (Trial and error for the initial valve),  
ϕ :  Geometrical shape factor stems = 2 and leaves = 1, 
Ck (i, j): Concentration of solute (g)/concentration of plant matter (L), 
Ck (i, nx+1): Concentration of solute (g) / solvent concentration (L), 

t∆  :  Time step, 
nx :  Number of numerical layers in particle. 
 

We started our program of modelling with the value of ∆t = 0.05 minutes and nx= 22. 
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3.3.3 Typical results of the simulation 
  
 The concentration profiles for the stems (φ = 2 cylindrical shape) and the 
leaves (φ = 1 plane shape) are presented in the Figures 3.1 and 3.2 respectively. The 
calculations were made with the same value coefficient of diffusion D. 
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Figure 3.1 Concentration profile for ϕ = 2 (cylindrical shape) 
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Figure 3.2 Concentration profile for ϕ = 1 (plate shape) 
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 The concentration profile of the solid particle for the stem decreases more 
quickly than the concentration profile for the leaves, because at the same volume, the 
cylinder has a larger diffusion surface area than the plate shape. The surface area of a 
cylinder is eight times the plate surface area for the same volume. 
 
 
 
 
 
 
 
 
 
 
 
 
   Cylindrical shape     Plate shape 
 
Figure 3.3 Geometric shape factor ϕ corresponding to the solid particle shape 
 
 As an example, the diffusion coefficient D that fits the experimental values for 
experiment number 3 in shown in Figure 3.4. The figure shows that the proposed 
model, with the identified value of 5.06x10-12 m2/min for D, describes fairly well the 
extraction phenomena for both geometric shape. However using only one particle 
shapes (plate or cylinder) does not describe accurately the experimental data (Seikova 
et al, 1999).  
 
 Since in the batch experiments, 0.6-0.8 mm size class particles are used, 
(soxhlet experiments giving a percentage of leaves of 80%), the extraction is then 
simulated taking into account the two different shapes. Figure 3.5 demonstrates now 
a better agreement with the experimental results. 
 

0

5

10

15

20

25

30

0 20 40 60 80 100 120 140 160
Time (min)

[A
nd

ro
gr

ap
ho

lid
e]

 (m
g/

g)

model (phi=1)
model (phi=2)
experiment

 

L 

l 

2e 

e 

l 



 

 

81

Figure 3.4 Comparison between experiments and model at D = 5.06 x10 -12 m2/min 
(solid diameter: 0.6-0.8mm, 60 % ethanol, Temp: 22oC, with ϕ: 1 and 2 respectively) 
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Figure 3.5 Comparison between experiments and model at D =5.06 x10-12 m2/min 
(solid diameter: 0.6-0.8 mm, 60 % ethanol and Temp: 22oC) 
 

 3.4 IDENTIFICATION OF THE DIFFUSION COEFFICIENT 
 

By applying this 2-shaped approach, a good fitting between experimental and 
numerical data is obtained. The identified values of the coefficient of diffusion for all 
the experiments are shown in Table 3.1, including the values of the identification 
criterion. The coefficient of diffusion varies from 5.0x10

-12
 to 7.5x10

-12 m2/min in 
ethanol solution at 22°C. Temperature can increase this value to 31x10

-12 
m2/min at 

60°C. The results confirm the experimental observations of the influence of the main 
parameters (Figures 3.6, 3.7 and 3.8).  

 
Temp oC Diameter (mm) % ethanol Mass solid (g) D x 1012  m2.min-1 Criteria 

22 0.6-0.8 80 10 6.63 6.26E-07 
22 0.6-0.8 70 10 5.43 1.72E-07 
22 0.6-0.8 60 20 5.06 6.60E-07 
22 0.6-0.8 0 20 0.95 8.01E-07 
22 0.1-0.3 60 10 7.37 6.51E-07 
22 0.45-0.6 60 10 7.31 6.09E-07 
22 0.6-0.8 60 10 5.56 1.50E-07 
40 0.6-0.8 60 10 23.55 7.99E-07 
50 0.6-0.8 60 10 17.17 1.30E-07 
60 0.6-0.8 60 10 31.26 9.09E-07 
22 0.6-0.8 60 5 6.25 4.24E-07 
22 0.6-0.8 0 10 3.79 2.73E-07 
22 0.6-0.8 0 20 4.87 2.55E-07 
22 0.6-0.8 0 30 5.35 2.30E-07 
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Table 3.1 Coefficients of diffusions obtained by optimization 

3.4.1 Influence of the solvent concentration 
 

 Figure 3.6 shows the diffusion coefficient with varying percentages of ethanol 
on the solute concentration for diameters of solid between 0.6-0.8 mm, a mass of 
particle of 10g, and temperature from 20-22oC. We found that the diffusion 
coefficient increases when the percentage of ethanol increases. Since the higher 
percentage of ethanol is a stronger organic solvent, the rate of diffusion increases with 
the percentage of ethanol (Treybal, 1963; Wede, 1987). 
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Figure 3.6 The diffusion coefficient as a function of percentage of ethanol (solid 
diameter: 0.6-0.8 mm, 500 ml of ethanol solution and Temp: 22oC) 
 

3.4.2 Influence of the particle size 
 

Figure 3.7 shows the diffusion coefficient as a function of diameter of 
particles for a mass of solid of 10g, a 500 ml 60%ethanol solution, and temperature 
between 20-22oC. The graph shows that the diffusion coefficient increases slightly 
when the particle size decreases. It is found that the particle size has a slight influence 
on the rate of extraction, knowing that the pore diffusion resistance depends on 
particle size (the larger the size, the longer the pore diffusion path is longer). 
However, the diffusion coefficient is also quite small with values of 5.0x10

-12
 to 

7.5x10
-12

m
2
/min in an ethanol solution at 22°C. 
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Figure 3.7 The diffusion coefficient as a function of the diameter of particles (solid 
mass: 10g, 500 ml of 60%ethanol and Temp 22 oC) 
 

3.4.3 Influence of the amount of solid 
 

Figure 3.8 shows that the diffusion coefficient is nearly the same when 
varying the amount of solid in the ethanol solution. The diffusion coefficient can be 
varied between 5.05 x 10-12 – 6.27 x 10-12 m2/min.  

 
Figure 3.8 The diffusion coefficient as a function of the amount of solid (solid 
diameter: 0.6-0.8mm, 500 ml of 60%ethanol, and Temp 22°C) 
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3.4.4 Influence of temperature 
 

Figure 3.9 shows the diffusion coefficient as a function of temperature. From 
the graph, the diffusion coefficient increases with the temperature up to 31x10

-12 

m2/min for 60°C. But for the 50°C the diffusion coefficient is shown to be smaller 
than at 40°C, this result can be explained from the problem of stems to leaves ratio in 
each experiment. We have to add that these experiments have been done previously in 
Thailand which the raw plants not from the same origin. 
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Figure 3.9 The diffusion coefficient as a function of temperature (solid diameter: 0.6-
0.8mm, 500 ml of 60%ethanol, solid mass: 10g) 
 

CONCLUSION 
 
 A mass transfer model has been proposed, taking into account the difference in 
shape of the particles. The experimental results were used to identify the diffusion 
coefficients for all experiments. The value of the coefficient varied from 5.0x10

-12
 to 

31x10
-12

m
2
.min-1 or 8.43 x 10 -14 – 52.1 x 10 -14 cm2.s-1 in ethanol solution as a 

function of the temperature. The coefficient of diffusion D increases when T 
increases. 
 

These results will now be used in the design of an industrial pilot column. The 
planned apparatus will be a disc and doughnut pulsed column. The influences of the 
operating parameters presented in this work will allow process conditions to be 
chosen in terms of solvent quality, temperature, and based on economical or safety 
criteria for the continuous process. 

 
The following chapter will describe a continuous process for the 

hydrodynamic study, using a pulsed extraction column.  
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CHAPTER IV 

 CONTINUOUS PROCESS 

 

INTRODUCTION 
 
 This chapter presents a continuous process for solid-liquid extraction from 
plant material in a disc and doughnut pulsed column with a pneumatic non sinusoidal 
pulsation cycle. In the case studied, the difficulty lies in the totally different 
hydrodynamic behaviour of two classes of particles in the raw plant substrate. One 
class of particles tends to float and the other to sink. In addition, the hydrodynamic 
characteristics of the solid particles also depend on the solvent concentration. 
 
 With the use of a more flexible system than a mechanical pulsation which only 
allows a regular sinusoidal motion of the phases, the aim was to avoid flooding due to 
floating particles accumulating at the feed inlet. Therefore, an air pulsating system 
was used in the column chosen. 

 
The first part describes the operation of the extraction column as well as the 

pneumatic pulsation. 
 
In the second part, experiments were undertaken to present the global 

characteristics of the steady state process in an extraction column aimed at studying 
out, the influence on the solid-liquid separation.  

 
The third part dealt with the dynamic experimental results. In addition particle 

residence times and extraction yields were also determined. 
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   Floating part separation 
Solid-liquid mixing 
 
Figure 4.2 The phenomena within the column as a result of the pulsation system  
 

4.1.2 The pneumatic pulsation system 
 
Figure 4.3 illustrates the typical pressure and signal (analogic) connections for 

the pulsation system. It is composed of a three-way valve linked on one hand to a 
storage tank set a 2 bars pressure and on the other hand to the atmosphere (1 bar 
pressure). The delivery pressure is then connected to the pulsed leg of the column and 
the active range is then 1 to 2 bars. 
 
 A computer is used for the supervision of the cycle and allows to deliver the 
setpoint (in pressure) to the PID regulator. The feedback is assured by an external 
pressure sensor situated in the pulsed leg.  
 

The ER3000 is a microcontroller based device that implements a digital 
control algorithm to regulate pressure. Supply pressure is allowed into the ER3000 via 
a pulse width modulated solenoid valve at the inlet port, and pressure is reduced via a 
similar valve at the exhaust port (normally the exhaust vents to ambient). The ER3000 
is a 0-100 psi pressure controller (0-6.80 atm). 

 

pulsation
Impulsion 

Filling up pulsation 

cycle 
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In a typical application, the ER3000 compares the feedback signal to the set 
point every 25 milliseconds. If the feedback is lower than the set point, the ER opens 
its inlet valve, allowing pressure to flow onto the dome of a pressure reducing 
regulator. This opens the main valve of the regulator, increasing pressure downstream. 
The ER3000 will continue to increase pressure on the dome of the regulator, 
increasing downstream pressure until the feedback signal is equal to the set point. If 
the set point is lowered, so that the feedback is now higher than the set point, the 
ER3000 will cause the regulator to self vent, thus lowering downstream pressure. The 
ER3000 will continue to reduce pressure on the dome of the regulator until the 
feedback signal is equal to the set point. The regulation system is described in Figure 
4.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Schematic of an air pulsing system  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 The operation function of ER3000 (Electronic Regulator) 
 

Supplied external transducer was used to measure the process pressure in the 
pulsed leg. Then using the ER3000 control of the actual pressure was obtained by 
installing a pressure transducer at the output of the regulator or valve to provide the 
feedback signal to the ER3000. 

 

The computer is used to relay the set point to the ER3000. This setpoint can be 
constant or can vary with time. A typical way to described this function is: 
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1. Step to 80 PSI 
2. DWELL for 0.6 sec 
3. Step to 0.00 PSI 
4. DWELL for 0.6 sec 
5. Loop to step No.1, 30 times 
6. Step to 100.00 PSI 
7. DWELL for 2.0 Sec 
8. Loop to step No.1 always 
9. End. 
 

Figure 4.5 shows the setpoint function generated from the typical way.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 The setpoint function 
 
 

4.1.3 Calibration 
 
4.1.3.1 Calibration curve of the liquid pump 
 
 The liquid is fed into the column using a piston pump. The experiments are 
undertaken by measuring the liquid flow rate at the outlet of the column while varying 
the percentage of the open pump value in order to obtain a calibration of the liquid 
pump. Figure 4.6 shows that the liquid flow linearly increases with the percentage 
open pump. The straight line correlation found is   
 

Flow rate = 0.725 x of % open pump valve. 
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Figure 4.6 The calibration curve of the liquid flow 
 

Before doing any experiments the liquid flow rate is measured for every run in 
order to know the exact amount of liquid feed flow. 

 
4.1.3.2 Calibration curve of solid feed 

 
The solid is fed into the column using an endless screw at the top of the 

column which simultaneously makes it possible to press and tap the solid. The solid 
feed is measured by changing the speed number of the screw. Figure 4.7 shows solid 
feed flow rate increasing when increasing the speed number of the screw. The 
correlation is flow of liquid = 0.486e0.425 (speed number).  

 
 Problems encountered are that the solid feed is not uniform either when there 
is high flow rate of solid is humid. The screw becomes plugged if there is too much 
humidity. 
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Figure 4.7 The calibration curve of the solid feed  
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4.1.4 Column operation 
 

At the started of each experiment the compressor is turned on. The 8 bars in 
the air pressure is connected to a monometer that reduce the pressure down to 2 bars 
storage tank. 

 
The column is filled with solvent and the level of liquid in the column is 

adjusted while changing the level of the counter-presume leg. The set point profile is 
then prepared and the ER3000 system is turn on. In order to minimize energy and air 
consumption, operation is undertaken at the natural frequency of the column 
(Thornton, 1954 ; Weech and Knight, 1967). On this column, this corresponds to a 
frequency of 1.67 sec-1. 

 
Andrographis paniculata is then fed continuously along with the ethanol 

solution at the top column and the solution is removed continuously from the column. 
Consequently, the phases are forced to flow co-currently. This way of functioning is 
linked to the low density difference between both phases, which is not sufficient to 
allow a counter-current operation. Besides, in this study, there is no practically need 
to perform an extraction in excess of 1 theoretical stage. 

 
The entire flow system oscillates by means of the external pulsation imposed 

by the pneumatic action. The two phases are mixed due to pulsation, usually 
sinusoidal, so that a vertical pressure action is imposed on the co-current flow of the 
two phases. The impulsion action aims at eliminate the floating solid particles 
(especially the stems) at the top of the column, while obtaining a good level of mixing 
inside the column (Figure 4.2). At the very top of the column, a cooler has been 
installed in order to avoid the ethanol evaporation. 

 
The experimental system is a semi-continuous process because the entire solid 

particle is collected in the glass balloon at the bottom of the column, which has no 
effect both on the air pressure in the column and on the extraction process. 
Subsequently, experiments cannot be undertaken for too long a time, the time limits 
being around 3 hours of operation.  

 
The difficulties arising during the experiments are described as follows: 

 
 - The upper part of the column: the diameter of the floating solid column (T 
column) was not large enough for the floating solid when purged by the impulsion. 
There are some solid blocks at this level resulting in clogging. It was made larger to 
allow for more floating solids to exit there. 
 

- In order to sample the solution in the pulsed column, there was a problem 
with the solid clogging the sampling valve. Consequently, a steel tube diameter 
(4x6mm) was connected with the valve and span in the column. Half of the tube was 
cut and replaced with a grid steel. To set up the tube, the grid steel side was located at 
the lower part in order to avoid small solid particles setting into the tube and allowing 
only the liquid to pass through the valve (Figure 4.1d). Besides, the air pressure can 
flush out some of the smaller particles from the valve.  
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4.2 STEADY- STATE EXPERIMENTAL RESULTS 

4.2.1 Liquid study without solids 
 

 Experiments were performed without solid inlet in order to observe liquid 
behaviour as a function of the pressure profile set point and the liquid level.  
  

Figures 4.8 and 4.9 show the profile of the pressure when the lower set point 
is set at 80 psi and 70 psi respectively and the upper setpoint at 100 psi. The 
amplitude of pulsation is the same for both experiments. The lower value of the 
pressure changes function of the lower set point value (62.94 for 80 psi and 50.06 fro 
70 psi). 
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Figure 4.8 The profile of the air pulsing at the lower set point is 80 to 100 psi  
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Figure 4.9 The profile of the air pulsing at the lower set point is 70 to 100 psi  
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Figure 4.10 shows an example of the pressure profile. The amplitudes of the 

impulsion and the pulsation were measured directly from the pulsed leg column. 
Table 4.1 shows the amplitude of the impulsion and the pulsation according to the 
lower pressure set point. The experiment was done by changing the lower set point 
from 40 to 80 psi. The level of liquid in the pulsed leg was then measured. The initial 
level of liquid is 0 (at the first plate). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 The pressure profile 
  

Plow set 
point 

Ai 
(psi) 

Ai' 
(cm) 

Ai 
(cm) 

Am 
(psi) 

Am' 
(cm) 

Am 
(cm) 

80 42.18 14 5.55 26.82 1.3 0.515 

70 51.97 18 7.14 30.39 1.4 0.555 

60 61.00 21 8.33 31.21 1.45 0.575 

50 67.70 22.5 8.92 32.49 1.5 0.595 

40 67.06 23 9.12 26.61 1.3 0.515 
 
Table 4.1 Experimental amplitudes in the column  
 
All the following variables were measured: 
Ai : The amplitude of the impulsion (psi), 
Ai : The amplitude of impulsion from the impulsion in the body of the column 
(cm), 

'Ai : The amplitude of impulsion from the impulsion in the pulsed leg column (cm), 
Am : The amplitude of the pulsation (psi), 
Am : The amplitude of mixing from the pulsation in the body of the column (cm), 

'Am : The amplitude of mixing from the pulsation in the pulsed leg of the column 
(cm), 
Plow : The lower pressure set point (psi). 
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Figure 4.12 The mass liquid outlet as a function of time at the set point is 80-100 psi 
 

Figure 4.13 shows the mass flow of liquid that leaves the column and the 
calculation function of the initial level of the liquid (level equal to zero corresponds to 
the first plate) while the pressure setpoint is 80 to 100 psi. From Table 4.2 the 
amplitude of the liquid from the impulsion in the column is 5.5 cm. The distance 
between the first plate and the opening of the column is 5 cm. The difference between 
the amplitude and the impulsion is higher than 0.5 cm. This value allows the 

calculation of the liquid mass outlet ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
=

4

2 hDmassliquid π when changing the level 

of the initial liquid level. The amounts of liquid that leaves the column increases when 
increasing the liquid level in the column. The experimental results confirm this 
calculation. 
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Figure 4.13 The mass liquid outlet as a function of initial liquid level in the column at 
the set point is 80-100 psi 
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4.2.2.2 Variations of 0'α  
 
 The objective is to investigate the effect of ethanol concentration on the 
separation of floating solid and sinking solid at the top of the column and to compare 
the experimental data with one another. 
 

o'α  is the characteristic efficiency of the separation between the floating and 
sinking solids, defined by the ratio of sinking solid and the total solid in the outlet 
mass flow at the top of the column. If o'α  tends to 0, it means that the outlet is only 
composed of floating particles, separation between the floating and sinking part being 
assumed perfect. The maximum value of o'α  should be 0.8 because the ratio of leaves 
and stems in the sample is 0.8. 

 
Figure 4.16 shows that 'oα  decreases as percentage of ethanol increases for 

the same mass solid inlet (11.33 g.min-1). The separation is due to solvent absorption 
into the particles during contact time. In Chapter 2.4.1, it has been shown that the 
kinetics of solvent absorption increase with the percentage of ethanol. 
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Figure 4.16 Experimental results of 'oα function of percentage of ethanol when the 
mass solid input is N°1 =11.33 g/min 
 

Figure 4.17 shows 'oα as a function of mass solid inlet. 'oα significantly 
increases with increasing mass solid inlet (initial level of liquid equals, to zero with 
the percentage of ethanol being 95%). When the mass solid inlet increases, the 
volume occupied by the solid at the top of the column increases and part of the 
volume is no larger in contact with the solvent. Consequently, the apparent efficiency 
of the separation decreases.  
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Figure 4.17 The experimental results of 'oα as a function of the mass solid inlet when 
the initial level of the liquid is at the first plate 

 
Figure 4.18 shows that 'oα  slightly increases with increasing liquid level. As 

the liquid level is above the first plate level, the solid feed stays in the liquid and 
thanks to the liquid the solid is removed from the column easily. 

 
With the initial liquid level at the first plate, the liquid level will be below the 

first plate after the impulsion. Accumulated solids will then be stored on the plate. 
Therefore, when the next impulsion occurs, the solid that is accumulated on the disc 
prevents fresh solid from getting into the column. Consequently, most of the solid 
outlet due to the impulsion is the solid feed. That is the reason why the value of alpha 
is almost 0.8 when the feed flow rate is 25.85 g/min. 

 
The appropriate level for the process should be to operate close to the Tee 

column and the amplitude of the impulsion should be small in order to purge the solid 
while minimizing solvent losses at the Tee column.  
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Figure 4.18 Experimental results of 'oα as a function of the initial liquid level 
 
4.2.2.3 Conclusions 
 

During the experiments, we observed the behavior of the solid particles as a 
function of the percentage of ethanol. 
 
1. The efficiency of separation is higher when using a higher percentage of ethanol. 
2. For 95 percent of ethanol the sinking particles are mainly composed of leaves with 
some stem particles present. 
3. For a percentage of ethanol smaller the 95 percent, the sinking part is only made up 
of leaves.  
4. For a percentage of ethanol very much smaller the 95 percent, some leaves are 
present in the floating part. 
 
 However, it is quite difficult to determine accurately the value of 'oα  since the 
parameters are not measured directly from the experiments.  
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4.3 DYNAMIC EXPERIMENTAL RESULTS  
 

This part deals with the characterization of the solid mass flowing inside the 
column (i.e. the active part of the column). 

 
During these experiments the inlet liquid flow is turned on until the column is 

filled up with solvent and the level of the interface is then adjusted to a desired value. 
Then the pulsation and the inlet solid flow are started. The solid is fed into the column 
flowing currently with the ethanol solution. The measurement of the volume SOV  is 
done at the bottom of the column as a function of time. The relation between mass 
and volume (Chapter 2.4.2) is taken into account to obtain the mass solid outlet as a 
function of time. 

4.3.1 Typical experimental results 
 

Figure 4.19 shows a typical result from the experiment of solid mass at the 
bottom of the column SOm as a function of time. The solid feed is interrupted at 23 
min and started again at 37 min. The solid flow is measured until 53 min. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
Figure 4.19 A typical experiment showing mass solid outlet at the bottom of the 
column as a function of time 
 
From this graph, it is possible to obtain information on: 

- The solid mass outlet, 
- The characteristic time of the dynamic state corresponds to the time when the 
solid feed inlet is started and the time at which the solid outlet flow rate is 
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Figure 4.20 The rate of mass outer of the solid function of time for different mass 
solid input 

4.3.3 Transient regime (dynamic duration) 
 
 From Figure 4.19 the dynamic duration is the time between start of solid flow 
until the solid outlet flow becomes constants. Dynamic duration1 is longer than 
dynamic duration2 because dynamic duration1 is the solid fill-up time in the column 
(on a disc and doughnut plate). Dynamic duration2 is the time after the solid is 
stopped, therefore excluding the effect of column fill-up. 
 

Figure 4.21 shows dynamic duration1 as a function of rate of mass solid flow 
at 95% ethanol which decreases as a function of rate of mass of solid flow at the 
outlet. It seems obvious that the transient regime is shorter when rate of solid mass 
flow increases. 
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Figure 4.21 The dynamic duration time function of mass solid outlet flow with 95% 
ethanol 
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accumulation of solid on the discs and doughnuts plates (accumulated mass). Then, 
the concentration decreases until a plateau is reached, the dead mass being present and 
the residence time of the moving mass being of a few minutes. Obviously, the solute 
concentration is higher at the bottom than at the middle. 
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Figure 4.36 The andrographolide concentration as a function of time with the 
recycled 95% ethanol  
 
 The rich solvent is then used for the next experiments (Figures 4.37 and 4.38). 
The used solvent is well mixed before being used again.  
 
 Due to the absorption by the solid, we have noticed that there is some loss of 
solvent. The curves and the conclusions from Figures 4.37 and 4.38 are similar to 
those derived from Figure 4.36. 
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Figure 4.37 The andrographolide concentration as a function of time with the 
recycled 95% ethanol 
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Figure 4.38 The andrographolide concentration as a function of time with the 
recycled 95% ethanol  
 

Figures 4.39 and 4.40 summarize the andrographolide concentrations 
respectively at the middle and at the bottom of the column as a function of time. The 
final concentration is 0.087 mg/ml and 0.112 mg/ml, at the middle and at the bottom 
of the column respectively.    
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Figure 4.39 The andrographolide concentration at the middle of the column as a 
function of time  
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CHAPTER V 

 TWIN SCREW EXTRUDER AND OPTIMIZATION 
 

INTRODUCTION 

 This chapter is separated into two parts.  

The first part is devoted to extraction studies performed with a twin-screw 
extruder, widely used in the food industry. This apparatus leads to physical and 
chemical transformations in one step of many plant materials. In this part, we are 
interested in the extraction of andrographolide from Andrographis paniculata, aiming 
to understand the operating principle and to compare the andrographolide extraction 
yields with those of the batch experiments. This study has to be considered as an 
alternative extraction method from the pulsed column. 

The second part is focused on the optimization and on the global design of the 
extraction column. The information on the moving mass, accumulated mass, 
residence time and the rate of extraction are taken into account. These parameters 
allow the calculation of the optimal parameters of extraction. 

 The aim is to be able to compute the extraction yield with a simple approach. 
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5.1 TWIN-SCREW EXTRUDER 

The twin–screw extruder (TSE) is used as a thermo-mechano-chemical 
reactor. The plant material goes through a series of interrelated chemical and physical 
changes during its passage through the shearing and heating zones of the extruder. 
This system is suited for a range of mixing and extruding applications that are 
extended to many industries such as polymer modification and alloying, powder 
coating, catalytic reactive extrusion, polymer additive, pharmaceutical and agro-
industry (Altomare, 1986; Isobe, 1992). The ability of TSE to carry out extraction and 
chemical reaction in a single continuous reactor makes TSE very valuable for the 
valorisation of agro-resource wastes (Rigal, 1996). The advantage of TSE is to obtain 
higher extraction efficiencies from plant materials. The use of TSE reduces contact 
time comparied with a batch reactor such as in the case of the extraction of 
hemicelluloses that reaches 90% of maximum extraction (N’diaye, 1996). In addition, 
the liquid-solid ratio is six times less than with a batch reactor and the solid reaction 
time is much lower (N’diaye, 1996). We thought it would be valuable and of interest 
to perform the experiments on the plant extraction process with a TSE. 

 Prat (1998) proposed a description of the operation of the TSE for two phase 
processes, focusing on Residence Time Distributions (RTD) of the phases and on the 
relative contribution of the screw elements to the RTD under the influence of the 
operating parameter (feed rates, screw rotational speed, solvent concentration). In 
2001, L. Prat presented one dimensional model for the solid transport along the TSE 
and a kinetic description of the solubilization process which was established from 
batch experiments. 

 In the present work, the application is the extraction of andrographolide from 
the Andrographis paniculata with ethanol as a solvent. We aim now to understand the 
principle of the twin screw extruder system and to compare the extraction result with 
the batch extraction experiments. 

 
Figure 5.1 shows the global process of a twin–screw extruder. The machine 

consists of a seven to eight-shaped elements barrel enclosing two corotating 
intermeshing screws. Four sections (B, C, E and G) heated by induction belts and 
cooled by water circulation. The 0.7 m long barrel, Four different kinds of elements is 
used in the axis profile: T2F (trapezoidal two-flight screw), C2F (two-flight screw), 
BB (bi-lobe kneading element) always positioned with a 90 degree shift and C2FC 
(reversed two-flight screw element). 50 mm length elements were used. The solid 
(plant) and liquid (ethanol solvent) are fed into the barrel by the first transport screws 
and are mixed together in the transport and kneading elements (BB). As the liquid is 
absorbed by the plant, the solute is liberated from the solid. Furthermore, reversed 
transport screw elements (RSE) cause severe compression of the plant material and 
allow the separation of the two phases. The liquid phase is then retrieved through a 
barrel filter located just up-stream from the RSE. The temperature is regulated with 
induction belts and cooled by water circulation. The filter element added at the end of 
the barrel extracts the liquid phase from the slurry. 
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A B C D E F G
Type T2F T2F C2F C2F BB C2F C2F C2F C2F C2F C2F C2F C2FC C2F
Pitch (mm) 50 50 33 33 25 100 33 25 25 25 16 16 -16 33
Length (mm) 50 50 50 50 50 50 50 50 50 50 50 50 50 50
Mixing + + + + ++++ + + + + + + + ++++ +
Shearing + + + + 0 + + + + + + + ++++ +
Conveying +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ --- +++  
 
Figure 5.1 Global process of the twin screw extruder 
 

5.2 EXPERIMENT 
 
 The objective of the experiments was to evaluate the advantages of using a 
TSE for andrographolide extraction. The study is then not a complete study on the 
influences of the parameters. However, our aim was to study qualitatively the key-
points of this technology. 
 

5.2.1 Twin-screw extruder 
 

Experiments were performed using the screw profile represented in Figure 
5.1. This configuration was tested for our experimental investigation of the plant 
without any plugging or clogging at the counterscrew and with the solid extrudated 
obtained at the die being as dry as possible while the liquid filtrate was almost free of 
suspended solids.  

 
The plant material is first conveyed and heated using a decreasing pitch screw 

in order to compact it, to remove air, then the ethanol solution was fed in the machine. 
The ethanol was carried out by the bilobal and excentric kneading paddles, 
respectively. Most of the mechanical effect is due to the reverse screw element which 
also forces the liquid phase through the filter. 
 
 The experiments were done with a 95% ethanol solution injected at a single 
point using a volumetric pump. The plant material was fed via a feeding screw at a 
constant flow rate (2.85 kg/h). The experiments temperature was 30°C. All data were 
taken 10 min after a steady state was reached.   

Engine

Solid feed
Feeding screw

Liquid feed
Barrel Filter:

Liquid exit

Die :
Solid exit

Axis and 
Screw profile

Induction
Belts
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The liquid and solid rates at the exit of the reactor were measured for every 

experiment and the samples of extracted solid were analyzed. The first experiments 
were done for a liquid/solid (L/S) ratio of 4, then we tried to decrease the liquid/solid 
ratio. 

 
Table 5.1 presents the operating conditions in terms of liquid/solid ratio (L/S), 

screw rotational speed N, solid feed inlet SI, liquid feed inlet LI etc. 
 

Experiment N° 1 2 3 4 5 
L/S 4 4 3 2 2 
N (rpm) 100 200 200 200 250 
SI inlet (g/hr) 2850 2850 2850 2850 2850 
LI inlet (g/hr) 11400 11400 8600 5700 5700 

Response           
Time (min) 10 10 10 10 10 
So outlet (g/hr) x 1680 1740 x 1710 
Lo outlet (g/hr) x 12400 9500 x 6700 

 
Table 5.1 Operating data of the experiments conducted with the twin screw extruder 
                      OS  

AII CS ,        
        ASOSOS CLS ,+  
 
 
 0, =AI CL  
 
 
     ALOLOL CSL ,+  
 
            OL  
 
Figure 5.2 The mass balance on the twin screw extruder 
 
The parameters are as follows: 
 

IS : Solid feed inlet, 

OS : Solid and liquid outlet at the solid phase, 

OSS : Solid outlet at the solid phase, 

OLS : Solid outlet at the liquid phase, 

IL : Liquid feed inlet, 

OL : Liquid and solid outlet at the liquid phase, 

OLL : Liquid outlet at the liquid phase, 

OSL : Liquid outlet at the solid phase, 

AIC : Initial concentration of the andrographolide in the solid phase, 

AC : Initial andrographolide concentration in the liquid phase, 

Twin screw extruder
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ASC : Andrographolide concentration in the solid phase, 

ALC : Andrographolide concentration in the liquid phase, 
 
 
Global mass balance    OII SLSL +=+ 0    (5.1) 
 
Partial mass balance         
  
 
       ( ) ( )ALOLASOLALOSASOSIAII CLCSCLCSLCS ×+×+⋅+×=×+⋅ 0  (5.2) 
 
 
   

( )[ ] ( )[ ] [ ] ALOIASOIALASOAII ChSLChSSChChSCS ⋅−+−−++−=⋅ 11   (5.3) 
 
Where  h  : % humidity of solid outlet, Los = h(So). 
 

At the solid phase outlet, SO was composed mostly of the solid SOS and some 
of the liquid phases LOS which was absorbed in the solid. In order to measure each 
respective phase, the following experiment was done: some sample of the solid outlet 
was separated into two parts. The first part was put in an oven at 70 °C within 24 h in 
order to determine the percentage humidity of the plant and the solid mass outlet SOS. 
Then this allowed OSL . The second part was put into a batch reactor with the ethanol 
solution within 24 hours in order to find the concentration of andrographolide in the 
solid phase outlet CAS. 

 
At the liquid phase outlet, LO contained the liquid phase LOL and some of the 

solid phase SOL. During the experiment we observed that there is done solid phase in 
the liquid phase outlet. The amount of the solid phase in the liquid outlet was non 
negligible. SOL and LOL were calculated from the mass balance (Table 5.2). The 
sample of liquid phase was analyzed with an HPLC to determine the andrographolide 
concentration in the liquid phase CAL. 
 

Table 5.2 shows the extraction yield obtained in the twin screw extruder. It 
allowed an extraction of 77% of the initial andrographolide with a liquid-solid ratio 
equal to 2. The residence time of the twin screw extruder is about 1 min with has to be 
compared which a batch of experiment 50 min yielding an 76.81% extraction! 
Moreover, the liquid/solid separation is more efficient in the case of the extruder.  
 
 The advantage of the TSE in comparison with the batch system is the fact that 
the extraction in an extruder is not controlled by mass transfer. The destructuring 
effects due the mechanical process prevail. The main benefit of the twin-screw 
extruder is that extraction and liquid/solid separation can be managed simultaneously 
in a very efficient manner. However, the cost of a TSE machine is very high in 
comparison with batch experiment equipment, and furthermore productivity is higher 
with a TSE.  
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  Measurement Calculation 

Experiment N° 2 3 5 2 3 5 
SI (g/hr) 2850 2850 2850 - - - 
LI (g/hr) 11400 8600 5700 - - - 
CAI (mg/g solid) Soxhlet 25-30 25-30 25-30 - - - 
 Solid phase outlet 
So=Sos + Los (g/hr) 1680 1740 1710 - - - 

LOS = h*SO (g/hr) - - - 494.26 528.44 572.17 
SOS = SO(1-h) (g/hr) - - - 1185.74 1211.56 1137.83 

% humidity 29.42 30.37 33.46 - - - 
CAS (mg/g solid) Batch 13.12 11.13 7.16 - - - 
 Liquid phase outlet 
LO = LOL+SOL (g/hr) 12400 9500 6700 - - - 

SOL = SI-SOS (g/hr) - - - 1664.26 1638.44 1712.17 
LOL = LO-SOL (g/hr) - - - 10735.74 7861.56 4987.83 

CAL (mg/ml) 3.19 6.17 12.07 - - - 
CAL (g andrographolide) - - - 34.25 48.51 60.20 

Mean CAI (g andro initial) 78.38 78.38 78.38       
% mean extraction yield       43.69 61.89 76.81 

 Extruder Batch reactor 
Time in batch reactor (min) ≤ 1 ≤ 1 ≤ 1 12 25 50 

 
Table 5.2 Extraction yields from the twin screw extruder process 
 

Table 5.3 shows the global mass balance relative to the solid in the twin-screw 
extruder. Both solid phase outlet SO and liquid outlet LO were obtained from the 
experiments. From the table, the solid and liquid mass flow rate inlet equal to the 
solid and liquid mass flow rate outlet. However, there are some solid losses during the 
experiment.  

 
There are many parameters influencing the partial mass balance. The initial 

concentration of andrographolide in the plant ( AIC ) was obtained using 10 g of solid 
sample with 500 ml of 95% ethanol in the soxhlet experiments. The andrographolide 
concentration can be varied from 0.5-0.6 mg/ml of ethanol or 25-30 mg/g solid, since 
the solid sample is composed of stems and leaves, with totally different concentration. 
The inlet mass was obtained by using the mean CAI (27.5 mg/g). 
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Figure 5.3 The percent of the outlet mass flow rate of solid at the bottom of the 
column with the inlet mass flow rate of the solid as a function of ethanol percentage 
 

5.3.2 Determination of the equation relative to the moving mass 
 
 As it has been explained previously (Chapter 4.3.5), the moving mass is the 
mass of solid passing the active part (or dynamic zone) of the column (considering the 
extraction). Table 5.4 shows the experimental results of the estimated moving mass 
for the solid feed corresponding to a inlet solid mass flow rate of 11.33 g.min-1. All 
experiments are shown in Appendix III.   

Moving mass (experiment) 
Experiment % ethanol Moving mass (g) Average 

1 95 29.00  
2 95 34.80 34.80 
3 95   
4 95   
5 95 40.60  
6 95   
7 70 46.40  
8 70 52.20  
9 70  46.40 
10 70 40.60  
11 70   
12 50 46.40 53.36 
13 50 60.32  
14 30   
15 30 29  

 
Table 5.5 Experimental results on the moving mass 
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Figure 5.8 The extraction yield of the solid as a function of the column height 
 

However, there are many factors that are to be considered for determination of 
optimal conditions. It depends on the capital costs, operating cost, operating process, 
security etc. For example, the higher percentages of ethanol solution are favourable 
for the extraction of the active principle. On the other hand, with the higher 
percentages of the ethanol, there is less moving solid mass in the column, the price of 
the solvent is high and the safety issue relates to storage of solvent should be 
considered. Since there is no problem of solubility of andrograholide in the ethanol 
solution, this allows the solvent to be recycled. 

 
 

CONCLUSION 
 

In this chapter were presented some of the characteristic of a twin-screw 
extruder and the extraction yields of the solute using the twin screw extruder. We 
found that the twin-screw extruder allowed a 77% extraction of the initial 
andrographolide with a residence time in the reactor of only 1 min. The liquid-solid 
ratio is much less than in the case of a batch reactor. An efficient liquid-solid 
separation is obtained. The main advantage of the twin-screw extruder is that 
extraction and liquid/solid separation can be achieved simultaneously in a very 
efficient manner. However, the choice of the plants for experiment with screw 
extruders has to be considered. In addition, the extracted substance should have high-
values compared to the instrument costs of such a device.  
 
 The second part was devoted to the assembly of the diffusion model obtained 
from the batch experiments in Chapter II with the experimental results of Chapter 
IV on the hydrodynamic behaviour of the solid in the column. This allowed an 
optimization to be done and allowed operating conditions in the column to be 
determined by using a simple linear regression from the experimental results. 
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GENERAL CONCLUSIONS 
 
 This work was to develop an extraction process of the andrographolide from 
the Andrographis paniculata Nees plant which is used as traditional medicinal plant 
in Thailand. In this particular process, the active principle extracted is a medicine 
used to cure for diarrhea in pigs which are considered to be the main source of protein 
for Thai and Chinese people. This development of a continuous extraction process 
will be useful for related industries. 
 
 This work is composed of two main parts: the batch study and the continuous 
process.  
 

Firstly the structure and composition of the plants were analyzed. The 
influence of the main operating parameters such as the solid mass flow rates, 
percentage of ethanol solvent, size of particles and temperature were studied as well 
as the influence of high temperatures, age and storage of plant that may lead to 
destruction of the active principle.  
 
The results of the batch experiments are as follows: 
 -  The sizes of the particles were shown to have very little effect on both 
extraction kinetics and final concentration. On the contrary, the particle shape (stem 
and leave) did show a strong influence on kinetic and final concentration. 
 -  The percentage of ethanol has also no effect on the kinetics of extraction but 
the final concentration increases with the percentage of ethanol. 
 - Both the final concentration and the extraction kinetics increase with 
temperature. However, the reaction of destruction of the solute is activated at high 
temperatures. 
 From the kinetics of the extraction, residence times of 15 to 30 min allow 
extraction yields to attain 60 to 80 %. 
 
 The andrographolide concentration decreases in plants stored for 2 years after 
harvest and dramatically decreases when fermentation attacks the plant. The plant 
should therefore be kept as dry as possible.  
 
 The mass transfer model emphasizes the 2 different shapes of the particles. 
The plane shape refers to the leaves and the cylindrical shape refers to the stems. The 
experimental results are used to identify the diffusion coefficients in both stems and 
leaves. The diffusion coefficients of the andrographolide in the plant were measured 
to be 8.43 x 10-14 m2.s-1 for the 60 percent of ethanol solution at ambient temperature. 
The diffusion coefficient can reach up to 52 x10

-14
m

2 
.s-1 with 60% ethanol at 60°C.  

 
 The batch results allow choosing the operating conditions of the continuous 
process. 

 
The second part is devoted to the continuous process through a hydrodynamic 

study. Classically, a disc and doughnut pulsed column was used, but with a co-current 



 

 

135

operation mode, with the knowledge that one theoretical stage is sufficient (there is no 
limit of action principle solubility). Such a co-current mode normally allows for easier 
entrainment of the particles by the carrier flow, leading to higher throughputs than 
with a counter-current mode. 

 
Despite the choice of co-current flow, some of the particles still tend to float at 

the feed inlet at the top of the column. Subsequently, our own work focused on 
solving this practical problem by way of a new mode of agitation, alternating between 
a pulsation cycle and an impulsion, in order to drain out the accumulated floating 
particles at the top. With this good in mind, a new pulsation system was developed, 
based on a pneumatically air pulsed system, which is more flexible than using a 
mechanical system. The way, we obtained a good separation of the floating and 
sinking solid parts at the top of the column. The problem of flooding due to floating 
particles was solved with the air pulsating system.  

 
The solid hydro-dynamical behavior was intensively studied. Some 

information on mass balance, transient regime, residence time, moving mass, 
accumulated mass and dead mass were obtained. 

 
The main results are as follows: 
- The moving mass, transient regime and the residence time decrease when the 

percentage of ethanol increases. 
-  The moving mass, transient regime and the residence time increase with the 

mass solid at the inlet increase. 
-  The residence time was about 4 min with 95% ethanol. 
-  The dead mass does not depend on the percentage of ethanol, but depends 

strongly on mass solid inlet flow. The dead mass increases with the mass solid inlet 
increase, until a plateau is reached. 

 
  The extraction yield in the column was about 28% which corresponds to the 

extraction yield in batch experiments at 3-4 min. This extraction yield in the column 
is therefore in good agreement with the batch yield. This confirms that the column 
acts similarly to a plug flow system. Furthermore, the continuous process obviously 
presents advantages of safety in comparison with a batch process where large amounts 
of solvents are used.  
 
 However, the hydrodynamic behaviour of the sinking particles strongly 
depends on the ethanol solvent. In order to increase the residence time in the column, 
it will be necessary to increase the column height or to increase the amplitude of 
mixing in the column.  
 
 The hydrodynamic behavior of the solid in the column and the batch 
experiments were coupled in order to determine the most appropriate operating 
conditions. The extraction yield depends on the ethanol percentage and the amount of 
moving solid as well: the higher the ethanol percentage, the smaller amount of the 
moving solid in the column. These two main effects allow the optimization to be done 
as well as the global design of the column by using a simple regression based on 
experimental results. The overall extraction yield in the column is caused by two 
major contributions, the solid separation at the top of the column and the extraction 
yield in the active part of the column. 
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A good solid separation was obtained by using a non sinusoidal pulsation. This 

is the major technological improvements of this work. This study also developed a 
global methodology to predict the extraction yield in the column. This methodology 
was successfully applied to the andrographolide extraction. 
 

Finally, one set of experiments was done using the twin screw extruder, which 
was used as continuous solid-liquid extraction equipment. The twin screw extruder 
has grown very rapidly in the last 10 years as a promising reactor for continuous 
extraction from the plant materials. We found that the twin screw extruder allowed 
77% extraction of the initial andrographolide with a residence time in the reactor of 
only 1 min. The liquid solid ratio is much less than the ratio used in a batch reactor. 
An efficient liquid-solid separation was obtained. However, the extracted substance 
should be high valued because equipment cost is high for TSE systems.  
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Appendix I The technique of extraction of Andrographis paniculata 

 
The scheme of extraction of Andrographis paniculata 

Ethanol filtrate 

Crude extract (22.21 g) 

Chloroform extract water extract 

Partitioned with butanol 

Water extract 

Crude extract B (3.75 g) 

butanol extract 

Crude extract A (11.5 g) 

Macerated with 95% ethanol for 7 day, 
 filtered and maceration is repeated 
until the extraction is completed 

Concentrated by using reduced  
pressure evaporator 

Dissolved in chloroform 
Partitioned with distilled water 

Concentrated by using  
reduced pressure evaporator 

100 g powder of plant 

Concentrated by using  
reduced pressure 
evaporator 
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GENERAL TECHNIQUE FOR ISOLATION 
 
1 Column chromatography 
 
1.1 Open column chromatography 
Column size: 3 inch x 10 inch, 2 inch x 14 inch, 1 cm x 50 cm. 
Adsorbent: silica gel 60 particle size 0.040-0.063 mm (E. Merck) 
Packing: Adsorbent is mixed with the solvent system into a slurry then poured into the 
column 
Sample loading: The portion of crude extract is dissolved in small volume of solvent 
used for packing the column and gently applied on top of the adsorbent. If the crude 
extract was insoluble in solvent used for packing column. 
 
 The crude extract is dissolved in a small volume of volatile solvent then mixed 
with small amount of silica gel 60 used in column chromatography. The mixture 
should be kept in a vacuum desiccator. The dried mixture is applied on top of the 
adsorbent 
 Solvent: n – Hexane (E. Merck), Chloroform (E. Merck), Methanol, Ethyl 
acetate 
 
1.2 Quick column chromatography 

Column size: 5 inch x 8 inch, 3.5 inch x 4.5 inch, 3 inch x 2 inch. 
Adsorbent: silica gel 60 particle size 0.015-0.040 mm  
Packing: The Adsorbent is packed into the column in a single portion for 2-3 

cm in height. The column is clamped and connected to the suctioned flask. A low 
viscosity solvent (petroleum ether, hexane is poured carefully over the adsorbent then 
suction pump is started. The solvent would rapidly flow pass through the column. The 
adsorbent would be packed. The top of the adsorbent bed should be flattened. 

Sample loading: The portion of crude extract is mixed with silica gel 60 used 
in column chromatography in the ratio 1: 2. The dried mixture is applied on top of the 
adsorbent and flattened. 
 Solvent: n-Hexane, Chloroform, Ethyl acetate, Methanol 
 
2 Crystallization techniques 
 
 The purification of impure crystalline compounds is usually effected by 
crystallisation from a suitable solvent. The crystallisation process consists of : 

1. Dissolving the impure substance in some suitable solvent at or near the 
boiling point. 

2. Filtering the hot solution. 
3. Allowing the hot solution to cool. 
4. Adding the second solvent in case crystals are not formed. 
5. Separating the crystal from the solution. 
 

 The resulting solid was tested for purity after drying through melting point 
determination and thin layer chromatography and if found impure is again 
recrystallised. 
 The process is repeated until a pure compound is obtained. 
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Appendix II.I Concentration of andrographolide in mg/ml of solvent experiment 
from batch reactor 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

date 19/06/2001 19/06/2001 05/06/2001 05/06/2001 18/07/2001
% Ethanol 80 70 60 0 60 

Volume solvent 
(ml) 500 500 500 500 500 

Mass initial (g) 10 10 10 10 10 
Temp (oC) 20-22 20-22 20-22 20-22 20-22 
Size (mm) 0.6-0.8 0.6-0.8 0.6-0.8 0.6-0.8 0.45-0.6 

Time (min)/sample C1 C2 C3 C4 C5 
0 0.00 0.00 0.00 0.00 0.00 
2 0.17 0.16 0.12   0.16 
4 0.23 0.23 0.23 0.04 0.25 
7 0.30 0.29 0.29 0.10 0.32 
10 0.35 0.31 0.34 0.14 0.36 
15 0.40 0.33 0.39 0.17 0.43 
20 0.43 0.39 0.43 0.23 0.47 
25 0.44 0.43 0.46 0.24 0.49 
30 0.50 0.48 0.48 0.27 0.51 
40 0.53 0.50 0.50 0.28 0.56 
60 0.56 0.53 0.55 0.31 0.63 
80 0.60 0.56 0.56 0.34 0.64 
100 0.61 0.58 0.57 0.36 0.67 
120 0.61 0.58 0.59 0.37 0.68 
150 0.63 0.60 0.58 0.38 0.68 

 
Dx1012 (m2/min) 

 
Dx1014 (m2/sec) 

6.63 
 

11.05 

5.43 
 

9.05 

5.56 
 

9.26 

0.73 
 

1.22 

7.31 
 

12.18 
criteria 6.26E-07 1.72E-07 1.50E-07 -1.00E-06 6.09E-07 
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date 23/05/2001 23/05/2001 05/06/2001 05/06/2001 05/06/2001
% Ethanol 60 70 0 0 0 

Volume solvent 
(ml) 500 500 500 500 500 

Mass initial (g) 10 10 10 20 30 
Temp (oC) 20-23 20-23 21 21 21 
Size (mm) 0.3-0.45 0.3-0.45 0.45-0.6 0.45-0.6 0.45-0.6 

Time (min)/sample C6 C7 C8 C9 C10 
0 0.00 0.00 0.00 0.00 0.00 
2 0.23 0.24 0.04 0.15 0.23 
4 0.32 0.29 0.09 0.23 0.35 
7 0.46 0.44 0.14 0.30 0.47 
10 0.45 0.49 0.17 0.39 0.54 
15 0.52 0.50 0.20 0.45 0.62 
20 0.61 0.51 0.23 0.49 0.68 
25 0.63 0.51 0.28 0.52 0.70 
30 0.65 0.51 0.30 0.54 0.72 
40 0.66 0.55 0.32 0.56 0.73 
60 0.66 0.70 0.36 0.59 0.74 
80 0.68 0.70 0.37 0.61 0.78 
100 0.76 0.72 0.39 0.60 0.79 
120 0.76 0.73 0.40 0.61 0.79 
150 0.78 0.74 0.40 0.62 0.80 

 
Dx1012 (m2/min) 

 
Dx1014 (m2/sec) 

13.01 
 

21.68 

7.72 
 

12.87 

3.48 
 

5.8 

7.97 
 

13.28 

10.60 
 

17.67 
criteria 9.78E-07 4.67E-07 -1.33E-07 1.051E-07 8.64E-08 
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date 05/06/2001 05/06/2001 05/06/2001 23/05/2001 23/05/2001
% Ethanol 0 0 0 60 60 

Volume solvent 
(ml)] 500 500 500 500 500 

Mass initial (g) 10 20 30 10 20 
Temp (oC) 22 22 22 20-22 20-22 
Size (mm) 0.6-0.8 0.6-0.8 0.6-0.8 0.6-0.8 0.6-0.8 

Time (min)/sample C11 C12 C13 C14 C15 
0 0.00 0.00 0.00 0.00 0.00 
1           
2 0.04 0.10 0.13 0.15 0.30 
4 0.10 0.20 0.25 0.24 0.52 
7 0.14 0.26 0.38   0.59 
10 0.17 0.31 0.48 0.26 0.67 
15 0.23 0.38 0.51 0.28 0.77 
20 0.24 0.44 0.63 0.39 0.81 
25 0.27 0.47 0.65 0.41 0.86 
30 0.28 0.51 0.72 0.43 0.89 
40 0.31 0.54 0.76 0.47 0.95 
60 0.34 0.58 0.80 0.52 1.01 
80 0.36 0.62 0.82 0.54 1.05 
100 0.37 0.62 0.82 0.56 1.10 
120 0.38 0.63 0.83 0.58 1.10 
150 0.38 0.62 0.83 0.59 1.12 

 
Dx1012(m2/min) 

 
Dx1014 (m2/sec) 

3.79 
 

6.31 

4.87 
 

8.11 

5.35 
 

8.92 

5.87 
 

9.78 

5.06 
 

8.43 
 

Criteria -2.73E-07 -2.549E-07 -2.303E-07 -9.67E-08 6.60E-07 
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date 23/05/2001 23/05/2001 05/06/2001 18/07/2001 05/06/2001

% Ethanol 60 60 60 60 0 
Volume solvent 

(ml)] 500 500 500 500 500 
Mass initial (g) 5 10 10 10 20 

Temp (oC) 20-22 20-22 20-22 20-22 22 
Size (mm) 0.6-0.8 0.1-0.3 0.6-0.8 0.3-0.45 0.45-0.6 

Time 
(min)/sample C16 C17 C18 C19 C20 

0 0.00 0.00 0.00 0.00 0.00 
1  0.12  0.21   
2 0.08   0.12   0.15 
4 0.11 0.23 0.23 0.22 0.23 
7 0.12 0.36 0.29 0.28 0.30 
10 0.14 0.46 0.34 0.30 0.39 
15 0.17 0.50 0.39 0.39 0.45 
20 0.18 0.56 0.43 0.40 0.49 
25 0.19 0.59 0.46 0.45 0.52 
30 0.20 0.58 0.48 0.52 0.54 
40 0.21 0.59 0.50 0.55 0.56 
60 0.23 0.63 0.55 0.58 0.59 
80 0.24 0.64 0.56 0.60 0.61 
100 0.25 0.65 0.57 0.61 0.60 
120 0.25 0.65 0.59 0.61 0.61 
150 0.25 0.66 0.58 0.61 0.62 

 
Dx1012(m2/min) 

 
Dx1014 (m2/sec) 

6.38 
 

10.63 

7.37 
 

12.28 

6.63 
 

11.05 

6.56 
 

10.93 

1.26 
 

2.1 
 

Criteria 4.24E-07 6.51E-07 4.19E-07 3.16E-08 -4.27E-07 
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date 05/06/2001 05/06/2001 05/06/2001 05/06/2001 01/01/2001

% Ethanol 0 0 0 0 60 
Volume solvent (ml) 500 500 500 500 500 

Mass initial (g) 20 10 10 10 10 
Temp (oC) 22 22 22 22 40 
Size (mm) 0.6-0.8 0.3-0.45 0.45-0.6 0.6-0.8 0.6-0.8 

Time (min)/sample C21 C22 C23 C24 C25 
0 0.00 0.00 0.00 0.00 0.00 
2 0.10       0.27 
4 0.20 0.15 0.04 0.04 0.32 
7 0.26 0.23 0.09 0.10   
10 0.31 0.26 0.14 0.14 0.37 
15 0.38 0.29 0.17 0.17 0.40 
20 0.44 0.32 0.20 0.23   
25 0.47 0.34 0.24 0.24 0.42 
30 0.51 0.35 0.28 0.27   
40 0.54 0.38 0.30 0.28   
45         0.46 
60 0.58 0.40 0.32 0.31   
65         0.45 
80 0.62 0.41 0.36 0.34   
100 0.62 0.40 0.37 0.36   
105         0.48 
120 0.63 0.41 0.40 0.38   
150 0.62 0.41 0.40 0.38   

 
Dx1012(m2/min) 

 
Dx1014 (m2/sec) 

0.95 
 

1.58 

0.78 
 

1.3 

2.41 
 

4.02 

2.81 
 

4.68 

23.55 
 

39.25 
criteria 8.01E-07 9.81E-07 -7.95E-07 -4.619E-07 7.99E-07 
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date 01/01/2001 01/01/2001 19/06/2001 04/09/2001 04/09/2001

% Ethanol 60 60 0 60 60 
Volume 

solvent(ml) 500 500 500 500 500 
Mass initial (g) 10 10 10 10 10 

Temp (oC) 50 60 23 23 23 
Size (mm) 0.6-0.8 0.6-0.8 0.3-0.45 0.6-0.8 0.6-0.8 

Time 
(min)/sample C26 C27 C28 C29 C30 

0 0.00 0.00 0.00 0 0 
2 0.31 0.44 0.06 0.14 0.14 
4 0.39 0.47 0.15 0.22 0.22 
7     0.16 0.31 0.31 
10 0.46 0.55 0.23 0.34 0.34 
15 0.47 0.56 0.26 0.39 0.39 
20     0.27 0.43 0.43 
25 0.48 0.57 0.30 0.47 0.47 
30     0.36     
40     0.39 0.50 0.5 
45 0.55 0.61       
60     0.42 0.60 0.6 
65 0.59 0.62       
80     0.43 0.64 0.64 
100     0.44 0.66 0.66 
105 0.59 0.65       
120     0.45 0.66 0.66 
150     0.47 0.66 0.66 

 
Dx1012 (m2/min) 

 
 

17.17 
 

28.62 

31.26 
 

52.1 

4.43 
 

7.38 

5.42 
 

9.03 

6.04 
 

10.07 
criteria 1.30E-07 1.78E-07 -9.09E-08 -6.78E-08 8.92E-07 
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Appendix II.II Concentration of andrographolide in mg/ml of solvent experiment 
from batch reactor (Batch B) 
 
 

Volume (ml) 500 500 
% ethanol 95 95 

Mass initial (g) 20 10 
Time (min)/ sample (mg/ml) B.1 B.2 

0 0.00 0.00 
2 0.17 0.10 
4 0.21 0.14 
7 0.24 0.13 
10 0.28 0.15 
15 0.32 0.18 
20 0.36 0.19 
25 0.41 0.21 
30 0.44 0.23 
35 0.45 0.25 
40 0.47 0.28 
60 0.54 0.30 
80 0.59 0.32 
100 0.61 0.35 
120 0.64 0.36 
150 0.65 0.36 
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