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Introduction 

Introduction 
Our developed World has a strong demand for creation healthy and less polluted environment using 

clean technologies and producing solvent residue free, nutritional foods. These food products must 

possess with natural colour, taste and self-live extensive properties as well as must contain 

biological active, health preventive compounds (e.g. antioxidants, vitamins). Supercritical fluid 

extraction is one of the desirable technologies, which uses carbon dioxide for extraction of essential 

oils, fatty oils, pigments, and natural waxes from natural sources, mainly from herbs, spices and 

medicinal plants. According to the physico-chemical properties of supercritical CO2, the extraction 

is carried out at moderate temperature (mainly between 31 - 60°C), therefore thermo-labile 

compounds can be obtained without any decomposition. The extract is absolutely solvent residual 

free as the CO2 is in gaseous state at room temperature. Numerous, mainly apolar compounds can 

be extracted and/or fractionated as the solvating power of supercritical CO2 changes within a wide 

range with changes of the pressure and temperature during extraction. The extraction is carried out 

at relatively high pressure (between 74-500 bar) therefore the investment cost of such a plant is 

higher than that of the conventional units, although the process is easily controlled with low 

operating costs.  

My goals were applying supercritical CO2 extraction to obtain clean and residual-free plant 

extracts in which high valued compounds were accumulated. With the aim of further application, 

the physical-chemical and biological properties of these high valued products were widely mapped. 

The volatile oil, fatty acid and pigment (carotenoids and cholorphylls) compositions and the 

antioxidant, antimicrobial properties of the extracts obtained from marjoram (Origanum majorana 

L.), thyme (Thymus vulgaris L.), and industrial waste, tomato pomace (Lycopersicon esculentum 

Mill.) were revealed. Traditionally applied extraction methods were compared to the supercritical 

CO2 extraction. The effects of the process parameters of SFE on the overall yields and on the yields 

of certain high valued compounds were investigated. The volatile components of marjoram in the 

extracts were compared. The fatty acid compositions of tomato pomace extracts were obtained. The 

carotenoid and chlorophyll pigments in the marjoram and tomato pomace extracts were deepen 

mapped determining carotenoid-rich products. The antioxidant capacity of marjoram herbs and 

extracts were obtained and compared in in vitro aqueous and lipophilic test systems. The main 

diterpene and triterpenoid molecules possess with antioxidant activity were quantified in the herbs 

and extracts of marjoram. The antimicrobial properties of essential oils and solvent extracts of 

marjoram and thyme were examined against food borne and food poisoning fungi and bacteria 

strains.  

     



Theoretical background  1. Supercritical fluid extraction 

Theoretical background 

1.Supercritical fluid extraction 

1.1.Introduction to supercritical fluids 

Supercriticality a strange and intriguing state in which solids can dissolve in gases, and liquids can 

alternate between reflectivity and transparency (1). The discovery of the supercritical state is 

attributed to Baron Cagniard da la Tour in 1822, who heated alcohol in a sealed gun barrel and 

listened to the musket ball rolling about. This acoustic effect caused by the fluctuation when the 

fluid passed through the critical point. He also observed that the boundary between a gas and a 

liquid disappeared for certain substances when the temperature was increased in a sealed glass 

container. Subsequent work by Hannay and Hogarth in 1879 demonstrated the solvating power of 

supercritical ethanol (Tc = 243 °C; pc = 63 bar) by studying the solubility of cobalt (II) chloride, 

iron (III) chloride, potassium bromide and potassium iodide. They noticed that the solubility of the 

chlorides was much higher than would be expected by their vapor pressure. In addition, they also 

noted that increasing pressure caused the metal chlorides to dissolve while decreasing the pressure 

caused precipitation. Despite this early promise, however, the utility of supercritical fluids for 

extraction was left dormant for many years. The pioneering work of Francis (1954) on liquefied 

gases is noteworthy. In this work, Francis compiled an extensive list of solubility for 261 

compounds in near-critical carbon dioxide. A major development in the use of supercritical carbon 

dioxide was the filing of various patents between 1964 and 1976 on extraction of coffee, tea, hops 

and spices. This development has led to the growth of applications in the engineering field of 

supercritical fluid technology. A major development was the installation by Kraft General Foods of 

a decaffeination plant for their Maxwell House Coffee Division in 1987, which uses an extraction 

cell with a height of 25 m. This utilization of supercritical fluids for pilot and full-scale plant 

operations has continued to develop and diversify. In these situations supercritical fluids are being 

used for a wide diversity of applications. It is thus not suprising to find that supercritical fluids 

encompass a multidisciplinary field that includes engineers, chemists, food scientists, material 

scientists and workers in biotechnology, agriculture and environmental control (1-6).  
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Theoretical background  1. Supercritical fluid extraction 

When a gas is compressed to a sufficiently high pressure, it 

becomes liquid. If, on the other hand, the gas is heated beyond 

a specific temperature, no amount of compression of the hot 

gas will cause it to become a liquid. This temperature is called 

the critical temperature (TC) and the corresponding vapour 

pressure is called the critical pressure (pC). These values of 

temperature and pressure define a critical point which is unique 

to a given substance. The state of the substance is called 

supercritical fluid (SCF) when both the temperature and 

pressure exceed the critical point values as, schematically described in a p-T phase diagram (Figure 

1.) (2, 3, 7-12). As the critical point of a substance is approached, its isothermal compressibility 

tends to infinity, thus its molar volume or density changes dramatically. In the critical region a 

substance that is a gas at normal conditions exhibits a liquid-like density and a much increased 

solvent capacity that is pressure-dependent (2). A comparison of typical values for density, 

viscosity and diffusivity of gases, liquids and supercritical fluids (SCF) is presented in Table 1. 

gas

solid

liquid FLUID

T

p

TC

pC

gas

solid

liquid FLUID

T

p

TC

pC

Figure 1. p-T phase diagram 

Table 1. Comparison of physical and transport properties of gases, liquids and SCFs 

Property  Gas SCF Liquid 

Density (kg/m3) 1 200-700 1000 

Viscosity (Pas) 10-5 10-4 10-3 

Diffusivity (cm2/s) 10-1 10-3-10-4 10-5 

In the supercritical region, the maximum solvent capacity and the largest variations in solvent 

properties can be achieved with small changes in temperature and pressure. It also offers very 

attractive extraction characteristics, owing to its favourable diffusivity, viscosity, surface tension 

and other physical properties. In the supercritical environment only one phase exists. The fluid is 

neither a gas nor a liquid, and is best described as intermediate to the two extremes. This phase 

retains solvent power approximating liquids as well as the transport properties common to gases. 

The diffusivity is one to two orders of magnitude higher than those of other liquids, which 

facilitates rapid mass transfer and faster completion of extraction than conventional liquid solvents. 

It has relatively low viscosity and surface tension, which enable it to easily penetrate e.g. the 

botanical material from which the active component is to be extracted. The gas-like characteristics 

of SCFs provide ideal conditions for extraction of solutes giving high degree of recovery in a short 

period of time. It also has the superior dissolving properties of liquid solvent and can selectively 
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extract target compounds from complex mixtures (3). As Table 2 shows, the critical temperatures 

and pressures of gases and liquids can differ by hundreds of degrees; these differences suggest the 

use of specific supercritical fluids in specific applications. For example, because the critical 

temperatures of carbon dioxide, ethane and ethylene are near ambient, they are attractive solvents 

for processing heat-sensitive flavours, pharmaceuticals, labile lipids and reactive monomers. 

Substances that are less temperature-sensitive, such as most industrial chemicals and polymers, are 

readily treated with the C3 and C4 hydrocarbons with critical temperatures in the range of 100-

150°C, they are generally better solvents for polymers than C2 hydrocarbons. Benzene and toluene 

with high critical temperatures of 250-300°C, are used to process non-volatile substances such as 

coal and high molecular weight petroleum fractions. Supercritical water with high critical 

temperature of 374.2°C is being used for hazardous waste detoxification and hydrocarbon 

reforming (2).  

Table 2. Critical conditions for various supercritical solvents (2, 3) 

Critical constants 
Fluid 

Normal 
boiling 

point (°C)
Temperature 

(°C) Pressure (bar) Density 
(g/cm3) 

Carbon dioxide -78.5 31.1 73.8 0.468 
Ethane -88.0 32.2 48.8 0.203 
Ethylene -103.7 9.3 50.4 0.200 
Propane -44.5 96.7 42.5 0.220 
Propylene -47.7 91.9 46.2 0.230 
Chlorotrifluoro-
methane 

-81.4 28.9 39.2 0.580 

Trichlorofluoro-
methane 

23.7 198.1 44.1 0.554 

Nitrous oxide -89.0 36.5 71.0 0.457 
Ammonia -33.4 132.5 112.8 0.240 
Water 100.0 374.2 220.5 0.272 
Benzene 80.1 289.0 48.9 0.302 
Toluene 110.0 318.6 41.1 0.290 

The most desirable SCF solvent for extraction of natural products for foods and medicines today is 

carbon dioxide (CO2). It is an inert, inexpensive, easily available, odourless, tasteless, environment-

friendly and GRAS (generally regarded as safe) solvent. Further, in SCF processing with CO2, there 

is no solvent residue in the extract, since it is a gas in atmospheric condition. In addition, its near-

ambient critical temperature (31.1°C) makes it ideally suitable for thermolabile natural products. 

Due to its low latent heat of vaporization, low energy input is required for the extract separation 

system, which renders the most natural smelling and natural-tasting extracts. Due to the relatively 

high applicable pressure the investment cost of such a plant is higher than that of the conventional 
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units, although the process is easily controlled with low operating costs. Further, the energy 

required for attaining supercritical state of CO2 is often less than the energy associated with 

distillation of conventional organic solvent. In general, the extractability of the compounds with 

scCO2 depends on the occurrence of the individual functional groups in these compounds, their 

molecular weights, and polarity. For example, hydrocarbons and other organic compounds of 

relatively low polarity are extractable in scCO2 at a lower pressure in the range of 75 to 100 bar, 

whereas higher pressure needed for extraction of substituted terpenes, sesquiterpenes, lipids, 

carotenoids and waxes. The highly polar compounds, such as the ones with one carboxylic and 

three or more hydroxyl groups, are scarcely soluble. For the extraction of low soluble compounds, a 

cosolvent or an entrainer is often applied to increase the polarity and hence the solvent power of 

scCO2. Ethanol, ethyl acetate and possibly water are the best natural entrainers for food-grade 

products. Without causing additional “green house effect” commercial CO2 is available from 

environmental system, obtained as by-product from the fermentation process or the fertilizer 

industry. Moreover, there is also the possibility for continuous process where the scCO2 after 

extraction is liquefied and recycled to the beginning of the process (2, 3, 8-12).  

1.2. Thermodynamics of supercritical fluid state 

Thermodynamically, SCF is a state where the pressure and temperature are beyond the critical point 

values. If we look the pressure – temperature phase diagram of CO2 (Figure 2) in supercritical fluid 

state (above 31.1°C and 73.8 bar) liquid-like densities (ρ) can be found. Also the dielectric constant 

(ε) show similar trends with pressure as well as the variation of density. Both ρ and ε rise sharply 

between 70 and 200 bar, while around 200 bar and beyond, both parameters attain values similar to 

those for liquids.  
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Figure 2. p-T digram of CO2 at densities from 100 to 1200 kg/m3 (2). 

 

The solvent capacity at the supercritical fluid state is density dependent. Figure 3 illustrates the 

variation of density with pressure at different temperatures in terms of the reduced parameters of Tr 

(= T/TC) and pr (= p/pC). At p > pC the variation of density with an increase in temperature from 

subcritical to supercritical condition is monotonic. However, the density of the SCF solvent reduces 

as Tr is increased to 1.55 and reduced pressure greater than 10 are needed to attain liquid-like 

densities. By regulating the temperature and pressure, it is thus possible to alter density, which in 

turn regulates the solvent power of the SCF solvent. The variability of density in the vicinity of the 

critical point is better explained in terms of isothermal compressibility, KT, which is defined as: 

KT = - 
T

m

m p 







∂
∂ρ

ρ
1      (1-1) 

where ρm is the molar density.  

As can be seen from Figure 3, the compressibility of any fluid is very high in the vicinity of its 

critical point and diverges to infinity at its critical point. In other words, an SCF solvent is highly 

compressible and essentially gas-like, in contrast to liquid solvents.  
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pR = p/pC 

Figure 3. Variation of the reduced density (ρr) of a pure component near its critical point (2). 

 

As the density of the SCF solvent can be varied continuously between gas-like and liquid-like 

values with moderate changes of pressure, it is possible to make avail of a wide spectrum of solvent 

properties in a single SCF solvent by simply changing temperature and pressure (hence density) (2, 

3, 13).  

1.3. Solubility of solids in supercritical fluids 

The basics for using a supercritical fluid as extraction medium are the solubility and phase 

equilibrium of substances in the compressed gas. The solubility and phase equilibria can be varied 

in a wide range by changing pressure and temperature. But beside solubility behavior mass transfer 

plays an essential role for extraction processes. Figure 4 shows a typically trend of extraction yield 

over extraction time. At the beginning extraction efficiency is limited by solubility in the available 

amount of fluid. Higher solubilities and therefore shorter extraction times can be achieved by 

increasing extraction pressure, because with higher fluid density also solvent power increases, and 

normally by increasing extraction temperature, because at higher pressure levels the increase in 

vapor pressure of the substances to be solved is more efficient than the decrease of fluid density at 

higher temperatures. The second phase of extraction is controlled by diffusion and especially this 

phase causes long extraction times. Therefore, it is the aim to reach the proposed extraction yield 

within the solubility phase because otherwise the process will not be economically accepted (14). 
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Figure 4. Typical extraction curves by SFE (14). 

In order to get an indirect assessment of the influence of nonideality of SCF mixture on solubility, 

let the solubility of a solid solute be simply calculated in an ideal gas, which is the ratio of the 

sublimation pressure of the solid solute to the pressure of the gas. Incidentally, this explains why 

solubility decreases with pressure at lower pressures. An estimate of solid solubility, y2 in an SCF 

solvent can be obtained from the following relation, which is derived based on the thermodynamic 

criteria for equilibrium of a non-volatile solute (2) between the pure solid phase and the SCF phase 

as: 

    y2 = 















RT

Pv
P

ss
2

2

2 exp
φ

P      (1-2) 

where subscript 2 refers to the solute, P2
s is the sublimation pressure of the solid, v2

s is the molar 

volume of the solid, and φ2 is the fugacity coefficient of component 2 in the dilute SCF mixture, 

which accounts for the specific molecular interaction between the solute and the solvent molecules 

and which is highly sensitive to the pressure variation. For an ideal gas, φ2 equals one (3).  

Consequently, a small variation of the pressure causes a large variation of the fugacity coefficient 

and of the solubility (13).  

As shown in Figure 5 for a typical binary solid-fluid system, the solubility behaviour is reported (3). 

It is also necessary to observe, in particular, the effect of temperature on the solubility. At lower 

pressure the solubility increases with decreasing temperature. At higher pressures, the opposite 

effect is observed. This characteristic pressure is normally referred to as crossover pressure and it is 

very important when a process involving solids must be optimized. 
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The region between pressures marked as p*
L 

and p*
U (called lower and upper cross over 

pressures, respectively) the various isotherms 

seem to converge. According to eq. (1-2), the 

temperature mainly influences the sublimation 

pressure and fugacity coefficient in the 

supercritical phase. The sublimation pressure 

always increases with temperature. To the 

contrary, at relatively low pressures (close to 

the critical pressure of the supercritical fluid) 

the fugacity coefficient in the supercritical 

phase plays the most important and 

preponderant role.  
Figure 5. Solubility behaviour of a solid 

solute in an SCF solvent (3).  

 

For evaluation of the solubility it is necessary to know the pure component properties and to use an 

equation-of-state model for the evaluation of the fugacity coefficients. In general, two problems 

arise: 

 Pure-component parameters required by the equations of state (EOS) are lacking for the 

heavy component; 

 The sublimation pressure of the solute is unknown. 

With experimental method the thermodynamic properties of pure compounds and mixtures at high 

pressure can be obtained. In the case of two-phase equilibria like vapour-liquid equilibria, the 

typical set of data to be determined is the pressure, the temperature and the composition of the two 

phases at equilibrium. Some experimental apparatus also allows the determination of the densities 

of the coexisting phases. Many different reviews on apparatus used for the experimental 

determination of phase equilibria at high pressure have been published (13, 15).  

1.4. Transport properties of SCF 

Successful design and development of a supercritical fluid extraction (SFE) process plant on the 

commercial scale while retaining its economic feasibility rely not only on the knowledge of the 

unique solvent characteristics, but also on the understanding of transport properties of scCO2. Three 

principal transport properties of industrial interest are the viscosity (η), the diffusivity (D), and the 

thermal conductivity (λ), which characterize the dynamics of the SFE process, involving the 
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momentum transport related to the pressure difference, the mass transport related to the 

concentration difference, and the heat transport related to the temperature difference, respectively. 

The behaviour of these transport properties in the vicinity of the critical point is not fully 

understood due to very rapid changes in their values with respect to a small change in any one of 

the thermodynamic state variables (3).  

1.4.1. Viscosity 

For a gas, the effect of pressure on the viscosity depends on the region of p and T of interest relative 

to the critical point. Near the critical state, the change in viscosity with T at constant pressure can be 

very large. The correlation of Uyehara and Watson is presented for the reduced viscosity estimated 

from the corresponding-states method. If viscosity graph is available the reduced viscosity can be 

calculated. In Figure 6 the viscosity diagram of CO2 can be seen. If the graph is not available, the 

critical viscosity can be estimated from the following equation: 

    ηC = 
( )

6/1

3/22/1

70.7
C

C

T
pM

     (1-3) 

ηr = η / ηC; 

where M refers to the molecular weight 

(g/mol), TC refers to critical temperature 

(K), pC refers to critical pressure (bar), ηC 

refers to critical viscosity (µP). 

Figure 6 shows that the viscosity tends to a 

minimum at the critical state. Near the 

critical point, at constant pressure, there are 

two branches, one in which viscosity 

increases with increasing temperature (gas-

like behaviour), and the other branch where 

the viscosity decreases with increasing 

temperature (liquid-like behaviour) (16). 

Figure 6. Viscosity of CO2 (16).  
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1.4.2. Diffusivity in dense gases 

For a binary mixture at a constant temperature and pressure, the molecular diffusion flux of a 

component (JA) is defined by Fick’s law as: 

JA = 
z

C
D A

∂
∂

−        (1-4) 

where D refers to the diffusivity constant (m2 /s), CA refers to the molar concentration of A 

compound (mol/mol), z refers to the direction. 

The diffusivity is a molecular parameter and is 

usually reported as an infinite-dilution, binary 

diffusion coefficient. Figure 7 shows the self 

diffusivity of CO2 as a function of temperature 

over wide pressure range, which is approximately 

the same as the diffusivity of a molecule having a 

similar size diffusing through CO2. The diffusivity 

in supercritical CO2, in general, increases with 

temperature and decreases with pressure. At low 

pressure, the diffusivity is nearly independent of 

composition, whereas at higher densities, the 

composition dependence becomes more 

significant (2, 3, 16). Figure 7. Diffusivity behaviour of 
CO2 (2). 

1.4.3. Thermal conductivity 

Thermal conductivity is defined as the proportionality constant of the linear relationship of heat flux 

with respect to temperature gradient as:  

    q = 
z
T
∂
∂

− λ        (1-5) 

where q is the heat flux and dT/dz is the temperature gradient. Thermal conductivity (λ) depends on 

temperature, pressure or density of the fluid. In general, thermal conductivity increases with 

increasing temperature and increasing density for most SCFs, as represented in Figure 8. On the 

other hand, at constant temperature, the thermal conductivity increases with pressure. Near the 

critical point relatively large values are reported (0.25-0.30 W/Km) (3, 16).  
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Figure 8. Thermal conductivity of CO2 near critical point (16). 

1.5. Mass transfer behaviours 

The interest in mass transfer in high pressure systems is related to the extraction of a valuable solute 

with a compressed gas. This is either a volatile liquid or solid deposited within a porous matrix. The 

compressed fluid is usually a high-pressure gas, often a supercritical fluid. In supercritical 

condition, the density of gas approaches a liquid-like value, so the solubility of the solute in the 

fluid can be substantially enhanced over its value at low pressure. The retention mechanism of the 

solute in the solid matrix is only physical (unbound, as with the free moisture), or strongly bound to 

the solid by some kind of link (as with the so-called bound moisture). Crushed vegetable seeds, for 

example, have a fraction of free, unbound oil that is readily extracted by the fluid, while the rest of 

the oil is strongly bound to cell walls and structures. This bound solute requires a larger effort to be 

transferred to the solvent phase (16).  

Depending on the mechanism of mass transfer, there might be up to three different regimes of 

extraction, namely (1) constant rate (solubility controlled) regime, (2) falling rate-phase I (diffusion 

controlled) regime, and (3) falling rate-phase II (desorption controlled) regime. When a fixed bed of 

solid is contacted with flowing CO2 at a selected supercritical condition, the mass transport 

mechanism involves diffusion, and adsorption of SCF solvent followed by solute desorption, 

diffusion through pores, and the convective transport along with the flowing SCF solvent across the 

bed height. But the crucial factor is the initial distribution of the extractable substance within the 

solid substrate which may exist in the adsorbed state either on the outer surface or on the surface of 

pores, or may exist in the dissolved state in the cytoplasm or the vacuoles within the plant cells. The 
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extraction process entails the following sequential and parallel steps at steady mode of extraction at 

the beginning of extraction:  

1. Diffusion of CO2 into the pores and adsorption of CO2 on the solid surface; 

2. Transport of oil to the outer layer and formation of a thin liquid film around the solid 

particles; 

3. Dissolution of oil in scCO2; 

4. Convective transport of the solute to the bulk of the fluid. 

Subsequently, at the unsteady mode of extraction, the SFE process entails: 

5. Desorption of solute from the solid or pore surface followed by; 

6. Dissolution of the solute in scCO2; 

7. Diffusion of the solute in the pores; 

8. Convective unsteady state transport of the solute to the bulk of the fluid. 

If we think these steps through the step 4 seems to be the slowest one, when there is a liquid film of 

oil present on the outer surface of the solid particle and the mass transfer takes place at a constant 

rate depending on the solubility of oil in the solvent, and the mass transfer rate is controlled by the 

external film resistance (3).  

The nature of mass transfer kinetics depends on the amount, the localisation of the solute also the 

strength of the bound of the solute to the matrix, the mechanism of its release from the substrate, 

and the nature of the solute transport within the solid matrix, besides other parameters like pressure, 

temperature, flow rate, particle size, etc.  

The size of the solid particles is a crucial factor in deciding the nature of extraction kinetics, 

particularly for solids containing less solute. In general, extraction rate as well as yield increases 

with decreasing particle size, by reducing the path of transport within the solid and by breaking 

larger number of oil vacuoles to release more extractable compounds. However, the smaller particle 

size may result in a higher pressure drop and uneven distribution of particles, rendering a lowering 

of mass transfer rate (3).  

For optimisation the SFE process experimental results and/or models are required. For example, 

Reverchon explained the mechanism of SFE from herbaceous matrix to produce essential oil and 

leaf and cuticular waxes that dissolution of these compounds are based on different mass transfer 

mechanisms. Cuticular waxes are mainly solubilized by leaching while essential oil extraction is 

supposed to be dependent on complex diffusion phenomena.  
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As it can be seen in Figure 9 the main location of 

flavouring compounds is in the vacuoles: membrane-

bound cavities within vegetable cells. Leaves of some 

plant families are characterized by epidermal hair, known 

as glandular trichomes, in which essential oil is 

accumulated. Moreover, small quantities of the essential 

oil, released from broken cells during drying and milling, 

can also be located near the particle surface. Leaf and cuticular waxes are located on the leaf 

epidermis, because they exert a controlling function on water exchange between leaves and air. At 

lower pressures (80-150 bar) and temperatures (35-50°C) the scCO2 extractable part of culticular 

waxes is mainly constituted by n-alkanes ranging from C25 to C31.  

Figure 9. Schematic represantation 
of a leaf section (17).

The results of SFE of marjoram leaves in Figure 10 

allow discussion about the mass transfer mechanisms 

operating during extraction. The yield of essential oil at 

lower ms/mo, indicates a quasi-constant extraction rate. 

However, at higher ms/mo values, essential oil yield 

asymptotizes due to exhaustion of the extractable 

components contained in the vegetable matrix. On the 

contrary, cuticular waxes yield shows the same 

rectilinear trend in the whole range of ms/mo explored 

(17).  

Y
 %

 (w
/w

) 

Figure 10. Marjoram essential oil (ο) 
and cuticular waxes (•) yields reported 
against CO2 specific mass (ms/m0) (17).

 

1.5.1. Mass transfer models 

Mathematical models derived from mass-conservation equations under unsteady-state conditions 

allow the calculation of the extracted mass at different bed locations, as function of time. Semi-

batch operation for the high pressure gas processing is usually employed, so a fixed bed of solids is 

bathed with a flow of fluid. Mass transfer models allow one to predict the effects of the following 

variables: fluid velocity, pressure, temperature, gravity, particle size, degree of crushing and bed-

length. Therefore, they are extremely useful in simulation and design (16).  
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Desorption with mass transfer  

This is a rather general mass transfer model, which is useful for the most processes of porous-solid 

extraction with dense gases. Here the rate of desorption (rd) can be described by a Langmuir 

equation, so that the adsorption rate in the general case will be non-linear: Here it is: 

rd = kdCa – kaCi (Cm – Ca)     (1-6) 

where Cm is the surface concentration for a monolayer coverage (kg/kg), Ca is the actual occupied 

coverage (kg/kg), and Ci is the concentration of solute in the pore volume (kg/m3). Here, ka and kd 

are the adsoption- and desorption rate constants, respectively, in consistent units. It had been 

reported for the general case where the above equations require numerical solution that may be 

rather complex and time-consuming. Eaton and Akgerman (18) also showed that not all the steps in 

the desorption process are significant, while the rates of some steps can be estimated from 

correlations, without any parameter fitting. In this regard, Tan and Liou (19) overlooked both intra-

particle resistance and the reverse-adsorption rate in the previous Langmuir equation. By letting:  
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an analytical solution is obtained in terms of a single-parameter desorption process constant kd. This 

parameter can be correlated with the temperature and fluid density (16, 18, 19).  

Two-parameter desorption models 

A number of authors employ the single sphere model in which the packed bed is considered as a set 

of equal spheres that are under the same state of extraction and the fluid flowing around them is 

solute-free. That is, equation (1-6) would be valid. As the fluid flows at a large velocity the 

transport at the solid-liquid interface obeys the boundary condition with C = 0. Under these 

assumptions, there is an analytical solution to the above problem (without axial dispersion) in terms 

of the Biot number (Bi = kmR / De) included in the following equation as obtained by Reverchon et 

al. (20) and King and Bott (21).  

    βk cot βk = 1 – Bi      (1-8) 

where km is the external mass transfer coefficient (m/s), R is the partical radius (m), De is the 

diffusivity in the film surrounding the particle (m2/s), βk is the solution of eqn. 1-8.  

To avoid the difficulties associated with the spherical diffusion equation, a useful hypothesis is the 

linear-driving-force concept. From this the overall mass transfer coefficient is obtained as follows: 

    
emd D

R
kk 5
11
+=       (1-9) 
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This two-parameter model well represents the data according to numerous authors. A model with 

more parameters would be more flexible, but by using a partition constant, K, or a desorption rate 

constant kd and km for the mass transfer coefficients, the data are well described. While K would be 

a value experimentally determined, kd can be estimated from eqn. (1-6) with the external mass 

transfer coefficient, km, estimated from the correlation of Stüber et al. (22), or from that of Tan et al. 

(23), and the effective diffusivity from the Wakao-Smith model (16, 20-24).  

Extraction of solids with high pressure fluid in mixed-flow 

The following treatment applies to the case where the solids are stationary in a shallow packed bed, 

so that they can be considered to be in well-mixed conditions, and that the solute initially saturated 

the solid, as in the case of vegetable oil in crushed seeds. For the quasi-steady-state approximation, 

Brunner (25) derived a practical equation:  

    
dt

dC
mm

dt
dm s

s==
•

      (1-10) 

where m is the total mass present, ms is the mass of inert solid and Cs is the concentration of solute 

on the solid. The diffusion rates in the external boundary layer and within the solid matrix are 

written in terms of transfer coefficients, as: 

          (1-11) )( CCakm Mm −=
•

          (1-12) )( 0 CCakm s −=
•

where km is the external mass transfer coefficient (m/s), ks is the mass transfer coefficient of solid 

(m/s), C is the concentration of solute (kg/kg), C0 is the initial concentration of solute (kg/kg), CM is 

the concentration of solute in the external boundary layer (kg/kg); 

with a overall mass transfer (k) coefficient as: 
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The integration of eqn. (1-10) provides: 
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where a is the surface area (m2) and t is the time (s). For the external coefficient, correlations and 

numerical approximations are available. However, for the internal rate coefficient the experience in 

using the model can probably dictate some values for the coefficient ks (16, 25). 
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Extraction of crushed seeds with fluid in plug flow: The Sovová model 

The Sovová model (26) makes use of the rate equations used by Brunner (25). During the first 

stages of the extraction, there is a rapid evaporation, and then evaporation slows down. During the 

extraction, a fraction of the packed bed is still wet, while the rest of the bed is in the dry state. The 

model of Sovová has three parameters: the two rate-parameters of eqns. (1-11) and (1-12), and xk 

the critical extraction yield at which the rate changes from one regime to the other. The expressions 

for the mass transfer rate in the two periods are written in terms of the Brunner coefficients, as: 

    J(x>xk, y) = kmaρ (yr – y)     (1-15) 
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where a is the surface area (m2), ρ is the fluid density (kg/m3). Analytical solutions for x and y as 

functions of the bed-length, z, and time, t, are available in literature. The expressions are useful 

extension of two-phase model applied to plug-flow. These two models are appropriated in 

describing the extraction of crushed or broken seeds to recover the seed oil, either in shallow beds 

or in plug flow. As shown by Sovová, applying the plug-flow model requires corrections for non-

ideal residence-time distribution (non plug-flow) of the fluid in contact with the solid (16, 26).  

The shrinking-core model 

The shrinking-core model (SCM) (21, 27, 28) is used in some cases to describe the kinetics of solid 

and semi-solids-extraction with a supercritical fluid despite the facts that the seed geometry may be 

quite irregular, and that internal walls may strongly affect the diffusion. As it can be seen with the 

SCM, the extraction depends on a few parameters. For plug-flow, the transport parameters are the 

solid-to-fluid mass-transfer coefficient and the 

intra-particle diffusivity. The third parameter 

appears when disperse-plug-flow is considered. 

The conservation equations for the SCM are based 

on Langmuir equation (1-6) with C(r =R) at the 

pore-mouths being slowly variable with time, and 

with no axial dispersion effects. Then the equation 

is also valid for rc<r<R (Figure 11). For spherical 

particles the relationship between the residual 

loading and the radius of the remaining core is: 

 

External film 

rc R 

Oil-stripped shell

Figure 11. Shrinking core for a 
spherical particle. 
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King and Catchpole (21) developed a quasi-steady-state solution to the shrinking core extraction 

    t  = 

model for the case of plug-flow. The near-steady state is obtained if the change in rc during a 

residence time is small, and changes from point to point in the extractor at any given time are also 

small. Then, an analytical expression relating the radius of the core and the extraction time is 

obtained at z = L. That expression is implicit, so it is best worked out numerically. The 

concentration of the liquid-phase concentration at the bed exit is then obtained, so the breakthrough 

curve can be calculated. Goto et al. (28) suggest the use of the stoichiometric time to calculate the 

minimum extraction time for a rapid estimate. This is: 

* ( )− LCa01 ε
∗Cu0

*

      (1-18) 

where t  is the time necessary for extraction (s), L is the bed-length (m), Ca0 is the initial load of 

1.6. Heat transfer and energy consumption 

n supercritical fluid extraction plants pose a 

. The two main types 

solute, based on particle volume (kg/m3), C* is the solubility of solute in fluid (kg/m3). For 

vegetable oils, the solubility can be estimated by the correlation suggested by King and Catchpole 

(16, 21, 27, 28).  

Design, scale-up and optimization of heat exchangers i

challenging task for two principal reasons, namely, (1) wide variations in physical and heat transfer 

characteristics of the SCF solvent and its mixture over a wide range of temperature from -10 to 

90°C and at high pressures ranging from 50 to 600 bar which are encountered in the process, and 

(2) high material and production costs of the tubes, vessels, and heat exchangers made from 316 or 

304 Cr-Ni stainless steel. Besides, stringent design provisions are required to be made for easy 

cleaning, low risk of failure, compact design for minimum heat transfer area, and low pressure drop. 

Therefore, the knowledge and understanding of heat transfer is important (3).  

To optimise process cycle the T-S diagram offers various possibilities to run in

of cycles are the pump and the compressor mode. In pump process the CO2 is liquid as laboratory or 

pilot-plant extraction plants have been designed. In industrial plants mainly compressor process 

cycles have been applied. Therefore, this cycle will be followed on the T-S diagram (Figure 12).  
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Here a multi-stage compressor is used in which the gaseous extraction fluid enters directly to the 

compressor (1) at the beginning of SFE. Then here it is brought to extraction pressure (2). The use 

of intermediate compressors is necessary. After it has cooled to the temperature of extraction (3). 

Then the loaded fluid is expanded in the two phase region (4) and heated up to gaseous conditions 

(5) where separation takes place. The area enclosed by the solvent circuit in the T-S diagram 

represents the thermodynamic work needed for the process of cycling the solvent. The advantages 

of compressors are that no condenser and undercooler are necessary which reduced investment and 

running costs. With very high CO2 demanded production (e.g. decaffeination process) isobaric 

processes were developed (14).  

Figure 12. Compressor process in the T-S diagram (14). 
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1.7. Industrial applications 

In Table 3 the main commercial supercritical fluid extraction plants and products with the total 

yearly capacities are summarized (14, 29, 30)  

Table 3. Commercial plants for SFE 

Product group Total number of 
plants 

Total capacity 
(1000 t/ year) 

Coffee and tea decaffeination 5 100 
Hops (including cocoa defatting) 7 60 
Nicotine from tobacco 3 n.a. 
Chemistry 5 n.a. 
Environmental purposes (including 
cleaning of food and medicinal plants) 5 n.a. 

Spices 12 9 
Pesticides from rice (carbamates) 3 30 
Fats and oils (including lecithin) 8 4 
Medicinal plants 7 3 
Flavours 7 3 
Total: 62 > 236 

As it can be seen from the Table 3 the decaffeination of coffee and tea is the largest application for 

the supercritical fluid extraction. This is valid for the investment costs of the plant and for the 

capacities of the plant. The second largest application is the extraction of hop. In the last twenty 

years nearly all producers of hop extracts changed to the liquid or supercritical CO2 extraction 

process. Even in the east European countries the methylene-chloride process was stopped several 

years ago. On the third place is a new industrial application with which the removal of the 

pesticides from cereal is carried out. The first plant started operation end of 1999 in Taiwan and 

since then two others have been built up in Far-East. 

The extraction of spice oleoresins is relatively new and since ten years industrial plants are in 

operations. Due to the fact, that the CO2 extracts are different to the conventional oleoresins the 

acceptance in the food industry is very slow. The spice plants are much smaller compared to the 

decaffeination plants and the hop plants. The size of the extractors is between 200 and 800 l. The 

same is valid for medicinal herbs and high value fats and oils, which are more or less at the 

beginning of the development (9-11, 14, 29-39). 

Specific application processes 

Beside the typically extraction purposes different applications using supercritical fluids, mainly 

carbon dioxide, are tested as well in laboratory as in industrial scale.  
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Decontamination of soils using supercritical fluids is an attractive process compared to extraction 

with liquid solvents because no toxic residue is left in the remediated soil and in contrast to thermal 

desorption soils are not burned. Especially removal of typically industrial wastes like PAHs, PCBs 

and fuels can be removed easily. The main applications are preparation for analytic purposes, where 

supercritical fluid extraction acts as a concentration step which is much faster and cheaper than 

solvent extraction. Main parameters for successful extraction are water content of the soil, type of 

soil and contaminating substances, available particle size distribution and the content of plant 

material, which can act as adsorbent material and therefore prolong extraction time.  

The neutralization and impregnation of paper is of great interest for all libraries, because acid 

degradation results in a decrease in the pH and weakening of the mechanical properties of the paper. 

For this reason in the first step the degradation products are extracted with supercritical carbon 

dioxide which increases the pH. In the following step neutralizing substances are solved in the CO2 

stream and impregnation of the paper takes place.  

Supercritical CO2 is used in a process for bone tissue treatment to obtain a novel bone substitute 

for human surgery. The supercritical extraction step results in delipidation of bones and therefore 

decreases of infection effects. Then efficient enzymatic deproteination can be performed.  

In the field of polymer recycling and/or disposal new techniques are highly required. Most of the 

electronic waste contains flame retardants, mainly halogenated organic substances. In many 

recycling processes plastics are incinerated and the formation of halogenated dibenzodioxins and 

dibenzofurans cannot be avoided. One promising way to separate halogenated flame retardants from 

polymer matrices is the extraction with supercritical carbon dioxide. The advantage of this process 

is that as well the polymer as the flame retardant can be recycled, especially because flame 

retardants are relatively high price products (9, 10, 14, 29, 30). 
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2. Herbs and medicinal plants 

The usage of herbs, plants and spices from natural sources is lost in the mists of time. Herb extracts 

have been applied thousand of years with Persian, Egyptian and Indian origins. It is estimated that 

there are 250 000 to 500 000 species of plants on Earth. A relatively small percentage (1 to 10%) of 

these is used as foods by both humans and animal species. It is possible that even more are used for 

medicinal purposes. Hippocrates (5th century B.C.) mentioned 300 to 400 medicinal plants. 

Nowadays around 18 000 species of plants have been used in food and in drugs (40). The herb 

extracts are taken from plants in many different ways; expression, enfleurage, maceration, solvent 

extraction, and distillation.  

First, I would like to dedicate these numerous pages to introduce the herbs and medical plants those 

were involved in the research work and investigated deeply. The sweet marjoram and garden thyme 

as medicinal plants and the properties of industrial waste, tomato pomace (skin and seed) were 

investigated. Secondly, I would like to emphasies the biological activities of medicinal plants 

according to their antimicrobial and antioxidant properties.  

2.1. Sweet marjoram (Origanum majorana L.) 

2.1.1. Botany  

Sweet marjoram, Origanum majorana L. which is formerly classified as 

Majorana hortensis Moench. a tender perennial herb of the mint family 

(Lamiaceae or Labiatae). It is native to the Mediterranean region, North 

Africa, southwest Asia. The herb is mainly cultivated in France, Greece, Hungary, Tunisia, 

Morocco and Bulgaria.  

Marjoram is a highly perfumed bushy plant with woolly hairy leaves, and with thick trusses of 

dainty white or purple flowers. In warmer climates it is a perennial, but it is treated, as a half-hardy 

annual in colder areas since it will not survive a severe winter. The plant reaches height of 0.5 – 0.6 

meters and has small, grey-green, ovate leaves with tiny but plentiful flowers, and erect glabrous to 

tomentose stems. The leaves have unique sweet smell when crushed. For cultivation, marjoram is 

both seeded directly and transplanted into fields. Harvesting is generally accomplished at full bloom 

and can be done two or three times per year, depending upon the growing region. Plant material is 

often dried in drying sheds to avoid direct sunlight and thus preserve the green colour and the aroma 

(40-48).  
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2.1.2. Chemical composition 

The drug of marjoram (Majoranae herba) contains up to 3% of volatile oil (usually around 1%) 

consisting mainly terpenoids, totaling more than 50 compounds. Other compounds present in sweet 

marjoram include flavonoid glycosides (luteolin-7-diglucoside, apigenin-7-glucoside, and 

diosmetin-7-glucuronide), arbutin, methyl-arbutin, tannins, caffeic acid, rosmarinic acid, steroids 

(e.g. β-sitosterol), triterpenoids (oleanolic acid, ursolic acid etc.), paraffins (e.g. n-triacontane), 

protein (ca. 13%), vitamins (especially A and C), and others (41-45, 47, 48). 

The composition of essential oil of marjoram was described and analysed by Mulder in 1839, 

possibly terpin hydrate and pinol hydrate were identified. The essential oil is a yellow or greenish-

yellow liquid of a pleasant odor and has mild and spicy taste (49). Nowadays the marjoram essential 

oil is identified with the following compounds: primarily of α-terpinene, γ-terpinene, p-cymene, 4-

terpineol, sabinene, linalool, borneol, carvacrol, cis-sabinene hydrate, and trans-sabinene hydrate, 

with linalyl acetate, ocimene, cadinene, geranyl acetate, citral, estragole, eugenol, and 3-carene (47, 

50). The compositions of essential oils and solvent extracts are most often different due to the 

lability of certain compounds. In marjoram cis-sabinene hydrate and its acetate are responsible for 

the characteristic flavor of herb. These compounds has become negligible in the essential oil 

obtained by steam distillation and it contains higher amount of terpinen-4-ol, alongside with α- and 

γ-terpinene. Cis-sabinene hydrate and its acetate might destroyed during steam distillation due to 

the present of water, acidity and temperature that may induce hydrolysis of the esters, and also 

rearrangements, isomerizations, racemizations, oxidations and more. This leads to understand the 

wide range of variability, which is found in the literature for the composition of essential oil of 

marjoram (40, 42, 43). The essential oil obtained by steam distillation contains mainly terpinen-4-ol 

(> 20%) which with (+)-cis-sabinene hydrate (3-18%) is responsible for the characteristic flavor and 

fragrance of marjoram oil. The oil is a yellow to greenish-yellow liquid with a characteristic earthy-

spicy odor. The marjoram oil usually supplied is the less expensive Thymus mastichina L., which is 

thyme and commonly called Spanish marjoram. The oil is slightly yellow liquid with a fresh 

camphoraceous odor. Its main constituent is 1,8-cineole (up to 65%) (51). In 1994, a wide study 

about the essential oil compositions of different marjoram herbs had been written by Lawrence. In 

1987, von Shanz et al. reported that marjoram oil produced from plants in Finland possessed the 

linalool (31.2-41.5%) as the main compound and cis-sabinene hydrate (6.7-20.0%), sabinene (6.7-

12.3 %) and γ-terpinene (4.6-11.0%). This same year, Ravid et al. determined that the enantiometric 

distribution of terpinen-4-ol in sweet marjoram oil was (+) 73% and (-) 27%. In 1993, Mallavarapu 

et al. compared the chemical composition of two oils of M. hortensis (syn. Origanum majorana L.). 
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According to the authors, one of the oil was produced from the above ground herbage, while the 

other was produced from the husk. The results of this analysis did not show significant differences 

between these two parts of the herb. The terpinen-4-ol (25.74–37.69%) and γ-terpinene (10.75–

13.29%) were found in bigger amounts (50). The same year, Baser et al. examined two lab-distilled 

oils produced from O. majorana of Turkish origin using a combination of GC and GC/MS. 

Unexpectedly, the carvacrol (78.27-79.46%) was found in the biggest amount and in smaller 

amounts of p-cymene (4.31-4.68%) and γ-terpinene (3.72-4.84%) were reported (52). In 1997, a 

research note was published by Pino et al. about the composition of marjoram oil grown in Cuba. 

Unusually the amounts of both monoterpene alcohol and thymol were higher in comparison with 

the previous studies. Terpinen-4-ol (17.67%), linalool (16.41%) and thymol (11.55%) were found 

as main compounds (53). Vera and Chane-Ming studied marjoram essential oil from Reunion Island 

(France), in which the most prominent components were terpinen-4-ol (38%), cis-sabinene hydrate 

(15%), p-cymene (7%) and γ-terpinene (7%), together with sabinene (5%), α-terpineol (5%) and α-

terpinene (3%) (54). Daferea et al. pointed out the quantitative composition of marjoram essential 

oil in which the main compounds were thymol (14.0%), 3-carene (10.4%), terpinen-4-ol and 2-

carene in the same amounts (7.8%) (55). Novak et al. studied the ratios of cis- and trans-sabinene 

hydrate in marjoram solvent (dichloromethane) extracts. A constant ratio of 20:1 (cis- and trans-) 

was found within 20 different genotypes of O. majorana (56). Later he and his research group 

investigated of the distribution of cis-sabinene hydrate acetate chemotype in accessions of 

marjoram. It was noted that the formation of cis-sabinene hydrate acetate seems to be a result of a 

specific enzymatic conversion (57). Ben Ezzeddine et al. mapped the Tunisian marjoram oil, in that 

the most prominent components were cis-sabinene hydrate (8.6%) and terpinen-4-ol (32.8%), and 

together with trans-sabinene hydrate, α-terpineol and linalool constitute (54.2%) were quantified 

(58). 

 

The comparisons of the different investigations show that the samples of various geographical 

origins are widely different. One group of essential oils might be rich in phenols (thymol and 

carvacrol) or in monoterpene alcohols (linalool, terpinen-4-ol, γ-terpinene and sabinene) (42, 54, 

55). It is therefore important to determine the quality of the oil and this explains the initiation of 

international standards for aroma and efficacy. The main compounds of the marjoram essential oil 

can be seen in Figure 13. 
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Figure 13.Volatile and antioxidant compounds of marjoram.  

 

In addition to the essential oil of marjoram, it contains other interesting compounds. From the 

fenoloides the caffeic acid derivates having main importance, from which the rosmarinic acid 
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(“Lamiacea-tannin”) is important due to have antiviriant and antidepressive effect (44). The 

pharmacological effects of ursolic acid, a pentacyclic triterpenoid isolated from O. majorana were 

investigated in two Korean papers. In one of them ursolic acid of marjoram inhibited 

acetylcholinesterase activity therefore it can be potent compound in cure of Alzheimer’s disease 

(59). In the other paper was stated that ursolic acid from O. majorana reduced the micromolar 

amyloid β-protein-induced oxidative cell death (60).  

2.1.3. Ethnopharmacology 

Sweet marjoram is considered to have carminative, antispasmodic, diaphoretic, and diuretic 

properties (47). The leaves and flowering tops are traditionally used orally for the symptomatic 

treatment of gastrointestinal disturbances (epigastric bloating, impaired digestion, eructations, 

flatulences) and to treat acute benign bronchial disease. Marjoram used locally to relieve the 

symptoms of the common cold, such as nasal congestion and in mouthwashes for oral hygiene (40-

42). The volatile oil mainly has analgesic-, antispasmodic-, bactericidal-, hormonal-, relaxant-, 

sedative-, and nerve tonic effects (61, 62). The essential oil is nonirritating and nonsensitizing to 

human skin (47).  

In antimicrobial tests the volatile oil of O.majorana has been reported to have activity against 

numerous bacteria and fungi. The potency of the oil against filamentous in particular against 

mycotoxigenic fungi strains were investigated (63). Aqueous extract has inhibition effect on 

growing of Herpes simplex in vitro, which is responsible for viral herpes of genitals and lips (47). In 

Baratta et al. results the volatile oil exhibited considerable inhibitory effect against animal and plant 

pathogens, food poisoning and spoilage bacteria and fungus (64). Against one of the most common 

postharvest pathogen, Penicillium digitatum the marjoram volatile oil showed strong inhibition 

activity (55). Tunisian essential oil possessed considerable activity against 10 Gram positive and 

Gram negative bacteria strains (58).  

Lately further examination has been carried out to map all the possible effects of marjoram extracts. 

One purified compound from methanolic extract of O. majorana was shown to possess oxigene 

anion scavenging activity in vitro tests (65). Ursolic acid isolated from marjoram herb seemed to be 

efficient acetylcholinesterase inhibitor (key compound in Alzheimer’s disease) and this compound 

also showed strong antioxidant activity on amyloid β-protein-induced neurotoxicity (59, 60). Crude 

marjoram drug exhibited positive effects in in-vitro anti-hepatoma tests on five human liver-cancer 

cell lines (66).   
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2.1.4. Uses 

Medicinal, Pharmaceutical and Cosmetic. Sweet marjoram oil is used as a fragrance component 

in soaps, detergents, creams, lotions, and perfumes with the maximum use level of 0.6 % reported 

in perfumes (47). In cosmetics the oil is applied as a stimulant and tonic. It has improved the local 

circulation and retarded the aging of skin. In perfumery it is mainly used for spicy shadings in 

men’s fragrances (51). 

Food. The marjoram herb is widely applied in cookery and in food industry, as well. The highly 

aromatic leaves and flowering tops have been used fresh, dried and ground to flavor salads, stews, 

stuffing, soups, eggs, vegetables, fish, meat, and sausages. Fresh leaves are added to vinegar, and 

seeds are added to confections. Leaves and flowering tops have been used in bouquet garni, sachets 

and potpourris (41, 42). The volatile oil and oleoresin are used as flavor ingredients in most food 

categories, including alcoholic (bitters, vermouths etc.) and nonalcoholic beverages, frozen dairy 

desserts, candy, baked goods (the highest average maximum use level of about 1%), gelatins and 

puddings, meat and meat products, condiments and relishes. The average maximum use levels 

reported are generally below 0.004% (47). Due to the antioxidant and antimicrobial activity of the 

volatile oil and extracts they may have an important role in the preservation of foodstuffs against 

filamentous fungi with improving their long-term stability. 

Risks. Regarding to Commision E Monographs marjoram herb contains arbutin and 

hydroxyquinone in low concentrations. Therefore, the herb is not suited for extended use. 

Hydroxyquinone is carcinogenic as tested in animals. Considering that the risks are not sufficiently 

clarified marjoram extracts should not be used freely for infants and small children (62). 

2.2. Garden thyme (Thymus vulgaris L.)  

2.2.1. Botany  

Thymus vulgaris L. or Thymus zygis L. belongs to Lamiaceae family 

similarly to marjoram. Its characteristic red essential oil differs from white 

or sweet thyme, which plant belongs to Origanum family. The garden thyme is a cultivated form of 

wild thyme (Thymus serphyllum L.), it grows in France, Spain, Algeria and Morocco, mainly in 

Mediterranean areas. In Hungarian wild life only Thymus serphyllum L. can be found.  

Thyme is small shrublike perennial herb, grows up to 50 cm in height. It has gray-green leaves and 

white, pink, or purple flowers. Harvesting is done during bloom period, mainly manually the leaves 

and flowering tops are collected. After two-three years the plant becomes woody, the planting is 
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generally renewed. The essential oil localises in glandular trichomes of plant (40- 42, 44-46, 67, 

68).  

2.2.2. Chemical composition 

The strongly scented thyme drog (Thymi vulgaris herba) contains 1-2.5% of essential oil (two main 

chemotypes exist), tannins, flavonoids, caffeic acid, ursolic acid and oleanolic acid (40-42, 44, 45, 

47). Probably thyme is one of the oldest medicinal plants used in folk medicine for a wide range of 

ailments. Its essential oil have been officinal since the sixteenth century, it is first enumerated in the 

Dispensatorium Noricum of 1589. The hydrodistillated essential oil has dark, reddish-brown, 

pleasant, strong spicy-phenolic odor and biting, persistent taste (49, 51). Among the two 

chemotypes the phenolic type dominates, its main constituents of essential oil are thymol and its 

isomer carvacrol (up to 70%), p-cymene (~15%), pinene, mentene, borneol (~15%), linalool 

(~15%) and cineole. The oil representing the other chemotype, contains mainly geraniol, linalool, 

α-terpineol and cineole; these oils are of minor importance (51). The thymol as main component 

was observed in 1719, therefore belongs to those compounds from volatile oils longest known (49). 

Thyme essential oil contains mainly the same compounds although slight differences can be 

recognised due to the geographic differences. Zambonelli et al. found the following composition in 

Italian thyme hydrodistillated oil: thymol (50.06%), p-cymene (24.28%), γ-terpinene (21.55%), 

eucalyptol (1.93%), linalool, mircene, limonene, α-tujene and β-caryophyllene in under 1% 

concentrations (69). Daferea et al. quantified the same composition, the Greek essential oil 

contained thymol (63.6%), p-cymene (23.5%), γ-terpinene (4.3%), carvacrol (2.2%), borneol 

(1.4%), β-caryophyllene (1.3%) and α-terpinene (1%) (55). Recently the composition of Albanian 

thyme essential oil was revealed with the main components: p-cymene (7.76-43.75%), γ-terpinene 

(4.20-27.62%), thymol (21.38-60.15%), carvacrol (1.15-3.04%) and β-caryophyllene (1.30-3.07%) 

(70). In 1996 the essential oil composition of a Spanish wild growing plant was described with 1,8-

cineole and linalool as main components (71). Generally, the yield of essential oil obtained from 

flowers and leaves are higher than those from stem or other woody part. The compositions of these 

essential oils were different too. From terpene and sesquiterpene hydrocarbons (HC) and their 

oxygenated compounds, the leaves contained the most (449 mg/kg for terpene HC), the flowers 

(162 mg/kg for terpene HC), while the stem contained the less (0.7 mg/kg for terpene HC). From 

phytosterols the stem contained the least (80.4 mg/kg) in comparison with flowers (157 mg/kg) and 

with leaves (201 mg/kg), respectively (72). Evaluate the changes in essential oil during the 

vegetative cycle is interesting topic from the point of harvesting. Young plant provided better oil 

yield (1.2%) compared to the yield (0.15%) of old (5 years old) plant. Essential oil obtained from 
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older thyme was characterized by significantly lower levels of monoterpenes (mainly γ-terpinene) 

and the highest level of oxygenated monoterpenes (linalool and borneol). Younger plant provided 

higher amount of thymol (51.17%) and carvacrol (4.00%) (73). Besides the volatile compounds, 

other mainly antiperoxidative compounds have been identified. From non-polar fraction of thyme p-

cymene-2,3-diol was identified with possession of strong antioxidant properties (74). Haraguchi et 

al. isolated a biphenyl compound, 3,4,3’,4’-tetrahydroxy-5,5’-diisopropyl-2,2’-dimethylbiphenyl 

and a flavonoid, eriodictyol and revealed that the biphenyl compound was strong antioxidant (75). 

In 1998 other flavonoid glycosides were isolated from butanol-soluble fraction of thyme. Among 

those flavonoids, eriodictyol-7-rutinoside and luteolin-7-O-β-glucopyranoside showed the strongest 

antioxidant properties (76). Same research group identified from the same fraction of thyme four 

acetophenone glycosides (picein and androsin) with two new compounds. The compounds showed 

relatively weak cytotoxicity on human leukemia cell HL-60 (77). Anti-complementary 

polysaccharide (TV-3-IIIA-IIa) was identified from hot-water extract of thyme leaves with the 

presences of arabinogalactan and pactin-like polysaccharide (78). High content of rosmarinic acid 

(91.8 mg/100 g fresh weight), luteolin (39.5 mg/100 g fresh weight), hispidulin and caffeic acid in 

smaller amounts were quantified in the extract of thyme (79). In the next year four other flavonoids 

were identified from thyme and the antioxidant activity of these compounds were measured by the 

oil stability index (OSI) method. Among diterpenes, carnosol, isorosmanol, carnosic acid, rosmanol, 

epirosmanol and galdosol exhibited strong antioxidant activities measured with OSI method in 

methyl linoleate system (80-81). Strong radical scavenger compounds (rosmarinic acid, eriodictyol, 

taxifolin, luteolin-7-glucuronide, p-cymene-2,3-diol, p-cymene-2,3-diol 6-6’-dimer, carvacrol and 

thymol) were isolated from leaf extract of thyme by Dapkevicius et al. (84). The main phenolic and 

essential oil compounds can be seen in Figures 14 and 15. 
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Figure 14. Main flavonoid compounds in Thymus vulgaris L. 
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Figure 15. Essential oil compounds of Thymus vulgaris L.  

2.2.3. Ethnopharmacology 

As a medicinal plant, thyme has traditionally been considered an anthelmintic, antispasmodic, 

carminative, expectorant, disinfectant, deodorant, sedative, stimulant and tonic. The plant is used 

internally in the treatment of dry coughs, whooping cough, bronchitis, bronchial catarrh, asthma, 

indigestion, gastritis and diarrhoea. Externally, it is used in the treatment of tonsillitis, gum 

diseases, rheumatism, arthritis and fungal infections. Thyme has been also used to promote 

perspiration (47, 61, 62, 67).  

Numerous reports can be found to reveal the antimicrobial activity of thyme herb, essential oil or 

the main compounds, as thymol and carvacrol. The antibacterial tests are mainly carried out against 

foodborne and human pathogen bacteria. Among herbs, thyme has shown the strongest antibacterial 

activity against Gram-positive (e.g.: Staphylococcus aureus, Bacillus licheniformis, Listeria 

monocytogenes) and Gram-negative (e.g.: Escherichia coli, Pseudomonas fluorescens, Yersinia 
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enterocolitica, Salmonella typhimurium) bacteria (47, 82-88). Smith-Palmer et al. mentioned that 

Gram-positive bacteria showed more sensitivity to inhibition by plant essential oils than the Gram-

negative bacteria (89). However, Pseudomonas aeruginosa showed less sensitiveness, inhibition 

was observed only at higher concentration (500 µg/ml) (85). Thyme essential oil (up to 0.33% 

concentration) strongly controlled of Botrytis cinerea leaf colonisation and bunch rot in grapes (90). 

In antifungal tests mainly mycotoxigenic and crop attacking phytopathogenic fungi have been 

examined. Thyme essential oil was applied against mycelia and spores of Aspergillus niger, 

Aspergillus flavus and Aspergillus ochraceus as well as against natural microflora of wheat grains 

(91, 92). Thyme essential oil (in <500 ppm) showed complete inhibition on test fungi against the 

above mentioned pathogens and Fusarium moniliforme (93). Thyme essential oil inhibited at 

relatively low concentrations (250-400 µg/ml) a postharvest pathogen (Penicillium digitatum), other 

food pathogen fungi (e.g. Trichoderma viride, Microsporum gypseum, Fusarium solani), and thyme 

oil showed antifungal activity against human pathogens as Candida albicans and Trichophyton 

mentagrophytes (55, 69, 94, 95). Thyme oil due to its high phenolic compounds demonstrated great 

sublethal effects on the tobacco cutworm (Spodoptera litura) (96). The antifungal and 

antiaflatoxigenic properties of thyme essential oil constituents were revealed and thymol completely 

inhibited Aspergillus flavus growth and aflatoxin formation (97). On the other hand, regarding to 

the research by Roller and Seedhar, carvacrol (in 1 mM concentration) delayed the spoilage of 

fresh-cut kiwifruit and honeydew melon at chill temperature without adverse sensory consequences 

(98).  

The strong antioxidant activity of thyme leaf extracts and essential oils containing phenolic 

compounds, flavonoids and tannins have been summarized by several authors (79-81). Dapkevicius 

et al. pointed out that acetone extract of thyme showed higher antioxidant activity than extracts 

obtained by apolar solvents (99). A research group proved that the antioxidant activity of an extract 

cannot be predicted on the basis of its total phenolic content. Thyme essential oil exhibited high 

antioxidant activity due to not only the phenolic compounds but to flavonoid and to the 

contradiction of all presented compounds (77). According to our research group the antioxidant 

activity of thyme supercritical and ethanolic extracts were substantially measured by Rancimat 

method (100). In lipophilic systems, such as in the aldehyde/carboxylic acid assay and in the 

conjugated diene assay thyme extracts exhibited strong antioxidant activity (101). De-odourised 

aqueous extract of thyme showed considerably OH• radical scavenging activity due to the

 rosmarinic acid present in the aqueous extract, although the total phenolic content of thyme extract 

was the lowest among the examined Lamiaceae plants (102).
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2.2.4. Uses 

Thyme herb is used in raw in salads and for flavouring cheeses, soups, stews, stuffings, meats, 

fishes, dressings, sauces and honey. Leaves and flowering tops are used in sachets and also used to 

repel moths from clothing. The thyme tea cures coughing, sore throat, fever and the symptoms of 

cold and flu (46, 47, 67). 

Thyme essential oil is used mainly for flavouring foods and oral hygiene products (toothpaste, 

mouthwashes, cough medicines), but is also used in perfumery to create spicy, leathery notes. Due 

to germicidal and antiseptic properties, it can be used in natural germicid products (47, 51, 67).  

Risks. The essential oil rich in thymol is a strong antiseptic for both internal and external use 

considered to be quite toxic (especially care with usage by pregnant women and children). Due to 

the high phenolic constituent of oil is aggressive and skin irritating. With care, it is employed as a 

deodorant and local anaesthetic. It is extensively used as antiseptics and natural germicide (61, 67).  

2.3. Tomato (Lycopersicon esculentum Mill.) skin and seed 

2.3.1. Botany  

Tomato plant (Lycopersicon esculentum Mill.) belongs to the Solanaceae 

plant family, commonly considered a vegetable which is highly consumed all 

around the World. Important food crop in all around of the World (except of 

cool and short growing seasons) in 159 countries with combined production 

of over 98 million metric tonnes in 2000.  The plant is perennial, grown as 

annual in temperate climates. Its origin is Central America, Spanish explorers introduced it in 1544 

into Europe and North America. The plant has a bushy appearance due to the main stem with many 

side shoots and flower cluster. It reaches 0.3 -0.5 meter height with numerous tomato fruit which is 

a classified botanically as berry. Regarding to usage two main types exist. Cherry tomatoes are 

small and round and grown only for fresh market. Processing (plum or pear) types are usually larger 

with square-round shape. The color of fruit ranges from yellow to orange to deep red (red color is 

conferred by accumulation of a carotenoid pigment, lycopene), the shape ranges from ovals to 

plum-shaped also the fruit flavour ranges from very sweet to highly acidic. Generally, the whole 

fruit is consumed except the peel, which is removed in first step of processing. The seed is removed 

during processing of canned tomato juice and sauces. These by products or wastes are accumulated 

during processing and available in high amount and recycling it treatment cost can be reduced (44, 

46, 103-105).  
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2.3.2. Chemical composition 

A whole medium fresh fruit (approx. 135 g) contains Vitamin C (47-57% recommended daily 

allowance (RDA)), Vitamin A (22-25% RDA), folate and low calories. Among minerals, it is rich 

in potassium (297 mg/100 g fresh weight), phosphorus (26 mg/100 g fresh weight), magnesium, 

calcium and natrium (20, 14, 6.3 mg/100 g fresh weight), respectively. The fruit mainly contains 

phytosterols and polyunsaturated fatty acids (18:2). Glutamic acid and aspartic acid can be found in 

highest amount among the amino acids (105, 106). The tomato contains carotenoids in high amount 

(around 5.1 – 6.3 mg/100 g fresh weight), main constituent is lycopene (78.7%) which provides the 

intensive yellow, orange or red colour in tomato fruit. Numerous carotenes can be found with 

lycopene, like: phytoene (5.3%), phytofluene (2.8%), β-carotene (3.7%), ξ-carotene (0.9%), γ-

carotene (1.2%) and lutein (2.0%). The tomato contains only small amount of xanthophylls (~2%). 

The fruit contains organic acids, its pH is relatively high (5.5 – 6.5). The following aroma 

compounds are presented in tomato: hexanal; trans-2-hexenal; cis-3-hexenal; trans-2,trans-4-

decadienal; β-ionone; 2-isobutylthiazole. 2-Isobutyl-thiazole is a significant constituent of tomato 

aroma. It located in the leaves and in the industry the aroma of tomato is usually enhanced by the 

addition of 20-50 ppb of thiazole. Lycopene is precursor of Vitamin A and also of aroma 

compounds (6-methyl-5-hepten-2-one; 6,10-dimethyl-5,9-undecadien-2-one; 6,10,14-trimethyl-

5,9,13-pentadecadien-2-one), which are formed during the oxidative degradation of carotenoids 

(106). Besides other biological active compounds can be found in tomato like kaempferol and 

chlorogenic acids which have antimutagenic activities in in vitro tests according to Sengupta et al. 

(107). 

The carotenoids are mainly found in skin, the amount of lycopene and β-carotene are three times 

higher in skin and at least five times higher in tomato waste than in other tomato products according 

to Al-Wandawi et al (108). The total lipid composition was examined in tomato skin by Ruiz del 

Castillo. The major compound was stearic acid (18:0) followed by gondoic (20:1n-9), palmitoleic 

(16:1n-7), and palmitic (16:0) acids while 16:4 compound was identified in higher amount, 

although its occurrence is rare in nature (109). Tomato seed contains 18-27% oil that shows 

physico-chemical characteristic similar to any -but mainly to cotton seed- conventional oil. It is 

semidrying oil consisting of 22% solid fatty acid (palmitic and stearic acid) and 87% of liquid fatty 

acid (linoleic, oleic and arachidic acids) (108, 110). It also contains phytosterols, and mainly α-, γ-, 

and δ-tocopherols, respectively (111, 112). Tomato seed flakes reported as a protein source (108). 

In tomato leaves and unripe fruits only one compound is mentioned in literature; α-tomatine, which 

is a toxic steroidal glycoalkaloid. It is localized to locular tissue and epidermis and the α-tomatine 

 36



Theoretical background 2.3. Tomato (Lycopersicon esculentum Mill.) skin and seed 

content is decreased during ripening (113, 114). To avoid this antinutrient compound naturally 

modified (cross breeding) and genetically modified plants are available, but mainly in USA and 

Australia.  

The main carotenoids found in tomato can be seen in Figure 16. 
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Figure 16. β-carotene, lycopene and lutein pigments (106).  

2.3.3. Ethnopharmacology 

In order to the high amount of carotenoids and phytosterols in tomato, it has strong bioactivity 

associated with several health benefits on human beings. Therefore, these tomato products are 

highly demanded in industries such as pharmaceutical, cosmetic, food and feed industries. 

Generally, it has effect on the gastrointestinal tract, liver, urinary tract and its local anaesthetic and 

antifungal activities has been recorded (115). The protective effect of carotenoids, especially 

lycopene, is usually ascribed to their ability to act as antioxidants and/or singlet oxygen quenchers. 

The quenching constant of lycopene in vitro has been found to be more than double that of β-

carotene and 100-fold that of α-tocopherol. In vivo epidemiological studies report a high inverse 

correlation between the intake of lycopene in the diet and the development of some types of chronic 

disease such as cancer and coronary heart disease, as it prevents oxidation of low-density 

lipoprotein (LDL) cholesterol (116-119). The evidence is strongest for cancers of the lung, stomach, 
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and prostate. Epidermiological studies suggested that lycopene has protective effect in vivo and in 

vitro on growth of tumor cells (120). Furthermore, the in vivo experiments have shown that 

exposing the skin to UV radiation results in a strong and rapid decrease in skin lycopene levels, 

while there is only a small or no decrease at all in β-carotene concentration levels. Nevertheless, no 

direct benefit of lycopene has yet been proven and the synergic effects with other compounds in 

tomatoes may thus be important (111, 112, 121). Takeoka et al. found that in different tomato 

products (raw tomato, tomato juice and paste) with lycopene and other carotenoids contents 

together with polyphenols such as caffeic and chlorogenic acids possessed high antioxidant 

properties in several tests (122). Sengupta et al. pointed out the protective activity of lycopene 

together with phenolic acids (kaempferol and chlorogenic acids) on colon carcinogenesis in rats 

(107). Lavelli et al. proved that processed tomato had significantly lower antioxidant activity than 

fresh tomatoes in their hydrophyilic fractions, but had a high antioxidant activity in their lipophilic 

fractions (118). Although the bioavailability of lycopene in processed tomato was higher than in 

unprocessed fresh tomatoes. Frozen food and heat-sterilized foods exhibited excellent lycopene 

stability throughout their normal temperature storage shelf life (123). In food and pharmaceutical 

products, mainly cis-lycopene appears due to degradation (trans-cis) via isomerization and 

oxidation, however the all-trans form is more stable and can be extracted with scCO2 solvent 

according to Gomez-Prieto et al. (119). The chemical composition of tomato highly depended on 

the nutrient intake and the fertilization (124, 125).  

The lipid content of seed acted as energy reserve and played an important role as vitamin sources. 

Lipids altered the antioxidant effectiveness and stability of lycopene due to lipid peroxidation, 

therefore the separation of tomato lipids and carotenoids are reasonable. However, tocopherols are 

reported to decrease the LDL and HDL levels in human blood (109). Recently in Japan Furui et al. 

reported that oligosaccharides possessed plant growth-promoting properties, which is a new aspect 

of tomato waste usage. The leaves have been used against cockroach as traditional insecticide. 

Tomatine may have central depressant activity as seen in studies on gross behaviour, forced 

locomotor activity and conditioned avoidance response tests on rats (115).  

2.3.4. Uses 

The fruit of tomato is consumed in fresh or processed form. It is the base vegetable of numerous 

products, like tomato juice, paste, sauces, creams, powder etc. Besides the well-known field of 

applications of β-carotene, lycopene is considered a commercially important natural pigment for the 

emergent market of nutraceutical products due to its function as a health-promoting ingredient (119, 

126). To produce lycopene and/or carotenoids rich products mainly the waste of tomato has been 
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used. As these compounds are found in skin and seed of tomato and as the waste from tomato 

producing is available in high amount it is an economic and reasonable choice. The amount of 

tomato processing wastes approximately are around 37 000 – 39 000 tonnes / year in Hungary. 

Several patents have been appeared recently due to the high valued lycopene as nutraceutical and/or 

compound in antioxidant products. Therefore, the patents contain numerous extraction- and 

concentration methods accompanied with those of containing tomato modification for better 

lycopene production and rapid methods for preparing lycopene (127-131). Lycopene and carotenoid 

tablets can be found on the market producing it from tomato waste by solvent extraction (132). In 

India the tomato seed oil has been used as traditional breakfast item and also used in cakes (133). 

2.4. Antioxidant properties of natural plants and extracts 

Antioxidant properties are among the first links between chemical reactions and biological activitiy 

and have been extensively studied for the past 10 years. Many molecules, such as phenolic 

compounds, are well known to possess this activity as well as other biological activity, including 

DNA protective effects, enzyme inhibition, and prevention of cardiovascular diseases and cancer 

(134, 135). An antioxidant is a substance that when present at a concentration low compared to that 

of an oxidisable substrate, significantly delays or prevents oxidation of that substrate (136). The 

application of synthetic antioxidants, such as butylated hydroxyanisole (BHA), butylated 

hydroxytoluene (BHT) and tert-butylhydroquinone (TBHQ) is restricted in several countries, due to 

their possible carcinogenic effects proved with in vivo experiments (137, 138). Therefore, the 

natural antioxidant complexes, extracts and/or individual natural compounds are highly demanded 

within the food, cosmetic and pharmaceutical industries for health preventing and shelf life 

extending purposes. Here I would like to summarise some bioactive compounds that possess 

antioxidant properties.  

2.4.1. Antioxidant compounds from plants 

Phenolics and Polyphenols 

Phenolic acids. These bioactive phytochemicals consist at least one carboxyl group and one 

phenolic hydroxyl group and derivate from benzoic and cinnamic acids. Simple phenols (e.g., 

catechol, guaiacol) seldom occur naturally, most often can be found as the glucoside of the diphenol 

(arbutin) or of its monomethyl ester. Other compounds exist, which are derived from benzoic acid 

(e.g., gallic acid, vanillin) and from cinnamic acid (e.g., 4-coumaric, caffeic, ferulic acids) and its 

esters of quinic acid (e.g., chlorogenic and rosmarinic acid). Mainly rosmarinic acid with the di- and 

triterpenoid molecules (carnosolic acid, ursolic acid and carnosol) have been investigated as natural 
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antioxidants extracted mainly from Lamiaceae plants such as Rosemary officinalis L., Salvia 

fruticosa L. and Melissa officinalis L. (80, 102, 139-151). Olive oil is a traditionally health-

preventive food due to its high phenolic components. It contains hydroxytyrosol, tyrosol, vanillic 

acid, caffeic acid and p-coumaric acid. Olive oil phenols have greater antioxidant potency than 

other vegetable oils. Resveratrol is a polyphenol (3,5,4’-trihydroxystillbene) which located in grape 

skin and peanuts, but also red wine contains it in high value. This compound inhibits both LDL 

oxidative susceptibility in vitro and platelet aggregation as well as eicosanoid synthesis (135). 

Flavones, flavonoids and flavonols. Flavones are phenolic structures containing one carbonyl 

group (as opposed to the two carbonyls in quinines). The addition of a 3-hydroxyl group yields a 

flavonol. Flavonoids are also hydroxylated phenolic substances but occur as a C6-C3 unit linked to 

an aromatic ring. As early as 1966, antioxidant studies were performed on flavonoids. Quercetin 

and rutin are the two most studied flavonoids. Beside these two main compounds, others such as 

apigenin, eriodictyol, kaempferol and luteolin have shown antioxidant properties (139, 152). 

Superoxide antioxidant activity has been demonstrated primarily in querticin and rutin, but also in 

apigenin and naringin. Hesperidin, naringenin and naringin, major citrus flavonoids showed little 

antioxidant effect in lipid peroxidation systems. Some studies have shown flavonoid has prooxidant 

activity. In the presence of Fe+3-EDTA, quercetin enhanced hydroxyl radical formation from H2O2 

in the deoxyribose assay (152, 153). Olive oil, red wine, apple and green and black tea contain high 

amount of health preventive flavonoids, mainly quercetin and kaempferol and their derivates. 

Several papers reported the positive effect of flavonoid intake on coronary diseases and cancer 

(154-156). In addition, these compounds decrease LDL oxidation susceptibility. Even cocoa powder 

and chocolate have antioxidant activity due to polyphenol content of cacao liquor (135). In test 

against 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical among flavones the most important active 

substitution was the 3’,4’-dihydroxyl group which was found on cirsiliol, 6-hydroxyluteolin and 

luteolin-7-glucoside. In general, flavonoids that have ortho-hydroxyl groups or four free hydroxyl 

groups exhibit strong inhibitory activity and glycosylation and methylation may reduce their 

activity markedly (157).  

Coumarins. They are phenolic substances made of fused benzene and α-pyrone rings. They are 

responsible for the characteristic odour of hay. High numbers of coumarins isolated from Chinese 

herbs used as medicines were tested in several systems involving reactive oxygen species (ROS) to 

characterise their antioxidant profile. Ten coumarin compounds (e.g., umbelliferone, 4-

hydroxycoumarin, herniarin, fraxin, esculin, scopoletin) were shown neither to inhibit lipid 

peroxidation nor to scavenge superoxide radicals to any significant extent (158). Sunflower oil was 

stabilized with fraxetin, esculetin and caffeic acid in a study by Yanishlieva and Marinova. 
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Esculetin stabilized the oil slightly during the oxidation, while the effectiveness of fraxetin 

increased with rising the temperature, while that of caffeic acid remained the same (159).  

Tannins. This group contains polymeric phenolic substances that are capable of tanning leather or 

precipitating gelatine from solution (astringency). They are divided into two groups: hydrolysable 

tannins (e.g., gallic and ellagic acid and theirs derivates) and condensed tannins or 

proanthocyanidins, which are polymeric flavans (e.g., catechin, gallocatechin, afzelchin). The 

antioxidant properties of forty-nine tannins isolated from plants were reported by Yokozawa et al. 

In the test against DPPH radical almost all the tannins and related compounds except carpinin D and 

bergenin showed strong inhibitory activity within a very low concentration range. The antioxidant 

activity was increased with the number of galloyl groups (157). Fukumoto et al. investigated the 

prooxidant and antioxidant effects of phenolic compounds and berry extracts. Anthocyanidins (e.g., 

cyanidin, malvidin) and anthocyanins showed stronger antioxidant effects than phenolic acids (e.g., 

gallic and ellagic acid). Almost all the compounds showed prooxidant activity (145). 

Terpenoids 

Essential oils. They are complex and highly variable mixtures of constituents which belong, 

virtually exclusively to two groups characterised by distinct biogenetic origins: the group of 

terpenoids, and the group of aromatic compounds derived from phenylpropane. Some essential oils 

contain degradation products of non-volatile constituents. Terpenoids are mainly volatile terpenes 

(with light molecule weight): mono (C10Hx)- and sesquiterpens (C15). Among terpenoids we can 

found acyclic and cyclic mono- and sesquiterpens with different multiple functionalized molecules 

as followings: alcohols (e.g., linalool, terpinen-4-ol, borneol), aldehydes (e.g., geranial, neral), 

ketones (e.g., carvone, menthone, camphor), esters (e.g., linalyl acetate, terpenyl acetate), peroxides 

(e.g., ascaridol), phenols (e.g., thymol, carvacrol). Phenylpropanoids (C6-C3) are very often allyl- 

and propenylphenols and sometimes they are aldehydes (anethole, methylchavicol, eugenol). 

Essential oils contain compounds arising from fatty acid degredation (odour, flavour compounds: 

such as octanal, hexanal, decanal) and compounds arising from terpene degradation (arise from the 

autoxidation of carotenes, e.g., damascones). Mainly essential oils of citrus fruits, cherries, mint and 

herbs has been reported as antioxidant agent (64, 135, 160). Monoterpens have shown efficacy in 

both cancer prevention and therapy, they have been reported to decrease the incidence of 

chemically induced tumors in skin, liver, lung, breast and fore stomach of rats (135).  

Tocopherols. The supplementation of high dose of tocopherols possesses antioxidant activity and 

has positive effect on human health. Tocopheryl class is made up of four compounds (α-, β-, γ-, δ-

tocopherol) with a tocol structure bearing a saturated isoprenoid C-16 chain side chain and four 

compounds (α-, β-, γ-, δ-tocotrienol) with trienol structure bearing three double bonds in the C-16 
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side chain. The most important tocopherol is α-tocopherol (vitamin E) which was observed to 

reduce of incidence of spontaneous tumors, although the treatment with vitamin E of mice and rats 

had no influenced on maximal life span of the animals (138). In the work of Demo et al. tocopherol 

content (mainly α-tocopherol) of some Greek herbs were revealed in comparison of it in dry leaves 

and hexane extracts which possessed antioxidant effect (161).  

Phytosterols. Recently, limelight is pointed to the plant sterols, phytosterols that are presented in 

the nonsaponifiable fraction of plant oils. Structurally, plant sterols are similar to cholesterol, but it 

is not synthesized in humans. The primary plant sterols are sitosterol (mainly β-sitosterol), 

stigmasterol and campesterol. Studies have shown that sitosterol reduces serum cholesterol levels in 

human by approximately 10%. Sitostanol (a 5-α-saturated sitosterol) was shown to be more potent 

in reducing cholesterol absorption and serum cholesterol levels than sitosterol (135). 

Carotenoids. Among carotenoids, β-carotene and retinol have been reported to possess antioxidant 

activity and in some cases, anticarcionogenic effect. Regarding to Anisimov this proposal still lacks 

experimental support. In vivo tests β-carotene did not extend the life span of mice and also the 

positive effects on tumors are rare (138). On the other hand in vitro tests, β-carotene is an efficient 

scavenger of peroxyl radicals and its provitamin A activity is proved. Lycopene however, has 

shown stronger antioxidant activity in in vitro tests than other carotenoids. In vivo studies have 

shown a tumor-suppressive activity of lycopene. This acyclic carotenoid has numerous positive 

effect on human, examples: protective effect against cardiovascular diseases, lowering LDL 

cholesterol level in blood, lycopene consumption may protect against various forms of cancer 

(prostate, stomach, blander, colon and rectum) (109-121, 135).  

Others 

Among the other compounds, first I must mention the antioxidant and health preventive effect of 

organosulfur compounds from garlic and onion. These allylamino acids, lipid-soluble allyl sulfides 

with the water-soluble S-allylcysteine and S-allylmercaptocysteine have shown strong antioxidant 

activity, decrease LDL cholesterol level and have positive effect on cardiovascular diseases (135). 

Squalene is a triterpenic hydrocarbon and known as natural antioxidant can be found in deep shark 

liver, olive oils and numerous tropical plants. It may play role in releasing oxidative stresses (162). 

2.5. Antimicrobial properties of medicinal herbs and extracts 

Medicinal plants, herbs, spices and their different extracts have been used against microbes 

(bacteria, fungi) since thousand years. In folklore usage these herbs and extracts have been applied 

for this purpose without having knowledge about the exact effects and side-effects of the herb or its 
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extract. To understand of which part of plant is useful, which compounds are responsible for the 

antimicrobial effects and how these certain compounds work in synergist or individual way have 

been studied recently as these molecules can be base of synthetic pharmaceuticals or can be applied 

as extracted directly from the natural sources. One of the driving factors for the renewed interest in 

plant antimicrobials has been the rapid rate of species extinction. Also the costumers require more 

high quality, preservative-free or naturally preserved, safe but mildly processed foods with extended 

shelf-life. Most traditional food preservation processes have been developed empirically without a 

full understanding of the mechanisms of action of the antimicrobial agents used (163-167).  

2.5.1. Antimicrobial compounds from plants 

Plants have an almost limitless ability to synthesize aromatic substances, most of which are phenols 

or their oxygen-substituted derivates. Most are secondary metabolites, of which at least 12,000 have 

been isolated, a number estimated to be less than 10% of the total. In many cases, these substances 

serve as plant defense mechanisms against predation by microorganisms, insects, and herbivores. 

Some, such as terpenoids, give plants odors; others (quinones and tannins) are responsible for plant 

pigment. Many compounds are responsible for plant flavour and some of the same herbs and spices 

used by human to season food yield useful medicinal compounds. These antimicrobial 

phytochemicals can be divided into several categories, described below. 

Phenolics and Polyphenols 

Phenolic acids. Caffeic acid from tarragon and thyme has been reported to be effective against 

bacteria, fungi and viruses (40, 163). Cinnamic acid, vanillic acid and ferulic acid have been found 

to have anti-Listeria monocytogenes activity (165).  

Coumarins. Coumarins are known to be highly toxic in rodents. Warfarin is a well-known 

coumarin, which is used both as oral anticoagulant and as rodenticide. Coumarin was found in vitro 

to inhibit Candida albicans. As a group, coumarins have been found to stimulate macrophages, 

which could have an indirect negative effect on infections (163). 

Flavones, flavonoids and flavonols. They have been found numerously in vitro to be effective 

antimicrobial substances against a wide array of microorganisms. Lipophilic flavonoids may disrupt 

microbial membrane. Flavonoid compounds exhibit inhibitory effects against multiple viruses. It 

has been reported such as swertifrancheside and chrysin against HIV. Kaul et al. provide a summary 

of the activities and modes of action of quercitin, naringin, and hesperetin in in vitro cell culture 

monolayers. The molecules, except naringin were inhibitory to herpes simplex virus type I (168). 

An isoflavone found in a West African legume, alpinumisoflavone prevents schistosomal infection. 
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Galangin found in Helichrysum aureonitens seems to be a useful compound against gram-positive 

bacteria, fungi and viruses (163, 167, 168). 

Tannins. Catechins have been widely studied due to their occurrence in oolong green teas. The tea 

exerted antimicrobial activity. These compounds inhibited in vitro Vibrio cholerae, Streptococcus 

mutans, Shigella, and other bacteria. When rats were fed a diet containing 0.1% tea catechins, 

fissure caries (caused by S.mutans) was reduced by 40%. Tannin-containing beverages (green teas, 

red wines) can cure and prevent a variety of illness. Tannins in plants inhibit insect growth and 

disrupt digestive events in ruminal animals (40, 163).  

Quinones. They arise from oxidation of phenols, have aromatic rings with two ketone substitutions. 

They are ubiquitous in nature and are characteristically highly reactive (e.g., naphtoquinone, 

anthraquinone). Kazmi et al. described an anthraquinone from Cassia italica which was 

bacteriostatic for Bacillus anthracis, Pseudomonas aeruginosa and bactericidal for Pseudomonas 

pseudomalliae (169). Hypericin, a naphthodianthrone from Hypericum perforatum has 

antimicrobial properties although its antidepressant effect is better known (40, 163, 169).   

Terpenoids 

Essential oils. Terpenes and terpenoids are the mostly noted agents against bacteria, fungi, viruses 

and protozoa. Among them the most active are: thymol, eugenol, carvacrol, etc (40, 163, 165, 170). 

Certain examples are summarized within the chapters describing the plants examined in this 

research work.  

Diterpens. They constitute a vast group of C20 compounds arising from the metabolism of 

geranylgeranyl pyrophosphate. They exist in acyclic and cyclic (bi-, tri- and tetracyclic) forms. 

Rosmanol and carnosol the highly interesting molecules belong to diterpens. Kaurene diterpenoid 

was reported against microba (40, 163).  

Saponins. They are characterised by their surface-active properties: they dissolve in water to form 

foamy solutions. Structurally, saponins may be classified into two groups based on the nature of 

their aglycone. These are: steroidal saponins (e.g., spirostane, digitogenin, etc.) and triterpenoid 

saponins (e.g.,oleanolic acid, hederagenin, etc.). Among triterpenoid saponins, betulinic acid and 

glycyrrhizin (from licorice) have been shown to inhibit HIV (40, 163).  

Alkaloids 

Heterocyclic nitrogen compounds are called alkaloids. The first medicinally useful example of an 

alkaloid was morphine isolated in 1805 from the opium poppy. Codein and heroin are both 

derivates of morphine. A protoalkaloid, capsaicin from Capsiucum annuum showed although 

mixed, but antimicrobial activity. Recently, Cichewicz and Thorpe found that capsaicin might 

enhance the growth of Candida albicans but it clearly inhibited various bacteria. Although possibly 
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detrimental to the human gastric mucosa, capsaicin is also bactericidal to Helicobacter pylori (171). 

Solamargine, a steroidal glycoalkaloid from the berries of Solanum khasianum may be useful 

against HIV infection as well as intestinal infections associated with AIDS. Berberine (tertiary 

tetracyclic alkaloid) is potencially effective against trypanosomes and plasmodia. The effects of 

these highly aromatic planar quaternary alkaloids, such as berberine and harmane are attributed to 

their ability to intercalate with DNA (40, 163, 171).  

Other compounds 

Peptides which are inhibitory to microorganisms were first reported in 1942. Recently interest has 

been focused mostly on studying anti-HIV peptides and proteins. Thionins are peptides in barley 

and wheat and toxic to yeasts and gram-negative and gram-positive bacteria. Another peptide 

isolated from fava beans, fabatin inhibits Escherichia coli, Pseudomonas aeruginosa, and 

Enterococcus hirae but not Candida or Saccharomyces. Larger lectin molecules (example: jacalin) 

inhibit viral proliferation (HIV) (163). Other compounds like amino acid derivates from garlic and 

onion, namely isothiocyanates possess strong antimicrobial properties. Considerable amounts of 

allylisothiocyanates and methylisothiocyanates have been used in the agricultural industry as 

pesticides, while their direct application in foods is hampered by the intense sensory attributes of 

these compounds (165). 

Mixtures 

Generally the essential oils, solvent extracts or other crude extracts of herbs have been used in 

antimicrobial tests, therefore the observed inhibitory effects might be the final result of the 

antimicrobial effects of all compounds and/or synergist effects among the compounds. High 

numbers of publications can be found on antifungal and antibacterial behaviour of certain herb 

extracts. It can be concluded that the Lamiaceae herbs might possess stronger antimicrobial 

properties, although herbs belong to Boraginaceae, Apiaceae, Rubiaceae and Plantaginaceae plant 

families were reported as antimicrobial agents (163).   

It is very important to understand the effects of each biological active compound although I believe 

that the herb or its extracts might have better, stronger and more valuable properties containing all 

the biological active compounds with the synergist possibility.   
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Experimental study 

3. Materials and methods 

3.1. Raw materials 
Table 4. Tested plant materials 

Abb. Plant material Year of 
harvest 

Distributors Characteristics 

M1 Marjoram 1999 Bio-Drog-Berta 
Ltd., Fajsz 

Ground grey powder, strong char. 
smell 

M2 Marjoram 2002 Bio-Drog-Berta 
Ltd., Fajsz 

Crushed flowering tops and green 
leaves 

M3 Marjoram 2002 Rózsahegyi Ltd. 
(com.) 

“M”- Hungarian, crushed 
flowering tops and greyish-green 
leaves 

M4 Marjoram 2002 Rózsahegyi Ltd. 
(com.) 

“E”- Egyptian, crushed flowering 
tops and green leaves 

M5 Marjoram 2002 Bátya Crushed flowering tops and dark 
green leaves 

M6 Marjoram 2001 Fitopharma Ltd. 
(com.) 

Crushed flowering tops and green 
leaves Cert. No.: 49/2001. 

K1 Thyme 1996 Bogos-Bogos Ltd. 
(com.) 

Crushed flowering tops and dark 
green leaves, stems 

P1 Tomato 2000 Hatvan Canning 
Ltd. 

Dried crushed red tomato skin, 
seeds (stored for 9 months) 

P2 Tomato 2000 Hatvan Canning 
Ltd. 

Deep-frozen (stored for 9 
months) and dried red tomato 
skin and seeds 

P3 Tomato 2002 Hatvan Canning 
Ltd. 

Dried, crushed yellowish-red skin 
and seeds 

P4 Tomato 2002 Bio-Drog-Berta 
Ltd., Fajsz 

Dried, grounded intense red 
coloured skin and seeds 

com. – commercial samples, other obtained from the agricultural production, or in the case of 

tomato pomace samples (P1-P4) obtained from the industry.  

3.2. Determination of the moisture content 
 
By measurements, 10 - 15 g drug was weighted into a glass dish and it was dried in drying oven at 

105°C temperature until mass-permanency. Minimum three repeated experiments were carried out 

(MSZ 6830/3-77, 172). The data are summarized in Appendix, Table I. 
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3.3. Determination of particle size distribution 
 

It is important to have knowledge about the particle size of extracted plant material as the efficiency 

of extraction mostly depends on the grinding size. Standardized sieve set was used with different 

mesh sizes of sieve plates vibrated for 20 minutes. Three repeated measurements were carried out. 

Applying the Rosin-Rammler-Sperling-Bennet (RRSB) distribution model the characteristic particle 

size (x0, mm) and distribution index (n) were obtained. In the case of highly oily seeds or plants the 

measurement was carried out after extraction. The characteristic particle sizes and the distribution 

indexes of the raw materials can be found in Appendix, Table II. 

3.4. Determination of essential oil content 
 

 

 

Figure 17. Steam d
apparatus

Standard method described in the Hungarian Pharmacopoeia 

Ed. VII. (172) was applied for determination of the essential oil 

content of marjoram and thyme samples. The apparatus is for 

the purpose of steam distillation in a modified Chlevenger 

vessel. About 100 g of raw material was measured into the 

round-bottomed flask with 1000-1300 ml distilled water. It was 

boiled for minimum 3 hours. In the top of Chlevenger vessel 

the essential oil was collected and measured in volume. Three 

repeated experiments were carried out. The steam distillation 

apparatus can be seen in Figure 17. Yields obtained by this 

apparatus are summarized in Appendix, Table III. 
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3.5. Soxhlet extractions 

3.5.1. Laboratory experiments 

For determination of the soluble materials from herbs extractions were 

carried out with ethanol (96%) and n-hexane solvents in a Soxhlet 

apparatus. It can be seen in Figure 18 and in Appendix, Figure 1. 

Minimum three repeated measurements were carried out. About 20 g 

of plant material was weighted in the porous paper thimble (D), which 

was placed in the inner tube of the Soxhlet apparatus. The apparatus 

was then fitted to a round-bottomed flask (A) of appropriate volume 

(200 ml) containing the organic solvent of choice, and to a reflux 

condenser (C). The solvent was then boiled gently; the solvent vapor 

passed up through the tube (B), was condensed by the reflux 

condenser, and the condensed solvent fell down the thimble and 

slowly filled the body of the Soxhlet apparatus. When reached the top 

of the tube (E), it syphoned over into the round-bottomed flask the 

organic solvent containing the analyte extracted from the sample in 

thimble. The whole process was repeated frequently until the 

extraction time was reached (about 16 h), while the color of the extract seemed to fade. The solvent 

was removed in a vacuum-distillation apparatus and then the extracts were weighed. The yields 

obtained by ethanol and n-hexane solvents are summarized in Appendix, Table IV. 

Figure 18. Soxhlet

extraction apparatus. 

3.5.2. Pilot plant Soxhlet extraction 

Soxhlet extraction was carried out in a pilot plant apparatus using 96% ethanol as a solvent. The 

experimental setup can be seen in Figure 19. The drug was weighed accurately and placed in the 

extractor (A), in which it was steeped in alcohol. The solvent was poured into the evaporating dish 

(B), which was heated by steam heater. From here the alcohol was evaporated and was condensed 

in the water-cooled condenser (C). The liquid alcohol from the condenser fell down and passed 

through the drug in the extractor and dissolved the compounds. The enriched solvent flowed back to 

the evaporating dish, where it was regenerated. The extract was collected in the evaporating dish 

and concentrated frequently until the end of extraction. Samples were taken in every half-hour from 

the extract and yield of extraction was determined. 
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Figure 19. Pilot plant Soxhlet extraction apparatus. 

The solute concentration in the extract obtained by pilot plant Soxhlet extraction was recorded 

during the whole extraction period. The yields obtained by pilot plant Soxhlet apparatus with 96% 

ethanol can be found in Appendix, Table IV. 

3.6. Supercritical fluid extraction 

Supercritical fluid extraction was carried out in a high pressure apparatus equipped with 5 L volume 

extractor vessel and two separators connected in series. A schematic flow diagram of the extraction 

apparatus is shown in Figure 20 and in Appendix, Figure 2. Liquid CO2 is compressed to a desired 

pressure by means of a pump and heated to a specified extraction temperature in order to bring it 

into the supercritical state before it is passed into the extraction vessel filled with the plant material. 

The solution leaves the extractor and through a pressure-reducing valve flows into the first 

separation vessel. The pasty SFE product settles at the bottom and can be collected and weighed. 

The solution is passed into the second separator, where the CO2 is evaporated and the SFE product 

containing the mostly volatile compounds is recovered. A control system is placed just before the 

pump in order to measure the solvent flow rate. Samples of 1000 g of the plant material were 

weighed accurately and put into the extraction vessel. The desired temperature and pressure were 
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adjusted, and the CO2 feed was started. The accumulated product samples were collected and 

weighed at certain time intervals. 

The operating pressure was between 100 and 450 bar during the experiments.  
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Figure 20. Schematic flow diagram of the extraction apparatus. 

 

The CO2 used in this study was 99.5 % (w/w) pure and supplied by Messer Griesheim Hungaria. 

During the experiments with certain raw material the range of pressure, temperature of extractor 

and the pressures of the separators were changed accordingly to designed experiments. Samples 

were taken in 40 minutes at first, and then in every hour until the end of the extraction. The 

following parameters were recorded in every 15 minutes: 

 Time (s), 

 Pressure of the cylinder (bar), 

 Pressures of the separators (bar), 

 Pressure of the extractor (bar), 

 CO2 mass flow rate (kg/h), 

 Total mass of CO2 consumed (kg), 

 Density of the CO2 (kg/m3), 

 Gas meter (m3). 

The CO2 flow rate was approximately 7 kg/h during the experiments. The extraction was carried on 

until the amount of the last product sample decreased under 0.1 % of the raw material.  
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3.7. Analysis of volatile components 

The gas chromatography analysis was carried out using a Shimadzu GC-14A unit with CR-4AX 

integrator. SE30 fused capillary column (25 m x 0.25 mm x 0.25 µm) was used. Carrier gas was 

nitrogen, flow velocity of gas was 1 ml/min, and the splitter was in 1:75 ratio. Oven temperature 

was kept at 110 °C for 3 min and programmed to 220 °C at a rate of 8 °C/min, then kept at 220 °C 

for 15 min. Injector temperature was 220 °C, while the detector (FID) temperature was 250 °C. For 

GC-MS detection an electron ionisation system (Hewlett-Packard 5890/II GC-5971/A MSD) was 

used with a Supelcowax 10 column (60 m x 0.25 mm i.d., film thickness 0.25 µm). Carrier gas was 

helium. MSs were taken at 70 eV. The essential oil was injected purely, while SFE samples were 

diluted in ethanol hexane (1:1, w/w) solution before the analysis. The identification of compounds 

was based on a comparison of their retention times with those of authentic samples (linalool, Fluka, 

Switzerland, terpinen-4-ol, Roth, Germany) and/or by comparison of their mass spectra with those 

of data in Wiley and NIST libraries. 

3.8. Analytical methods for pigment analysis in marjoram extracts 

From the extract samples, approximately 0.1 g was weighed accurately and dissolved in the 

appropriate solvent with two parallel samples. The acetonitrile–methanol–isopropyl-alcohol 

(39:43:18,v/v/v) mixture was used for the experiments. The samples were analyzed after they had 

been filtered through filtering paper to separate the undissolved and segregated compounds (mainly 

proteins). 

The dissolved samples (20 µl) were injected into a Beckman liquid chromatograph equipped with a 

Model 114 M solvent-delivery module pump, a Model 340 organizer and a Model 166 UV/VIS 

detector. The detector signals were recorded with Beckman Gold P/ACE 5000 System software. 

Separations were performed on a Nucleosil 5 C18 stainless-steel column (250 mm x 4 mm i.d.). The 

mobile phase was acetonitrile–methanol–isopropyl-alcohol (39:43:18, v/v/v). The flow rate was 0.9 

ml/min. Detection was carried out at 430 nm wavelength. 

To identify and quantify carotenoids, especially β-carotene and lutein, standard β-carotene was 

injected and detected with the above-mentioned system. To identify chlorophyll and carotenoid-

type pigments and their derivatives authentic standards were applied taken from special previous 

experiment (173). The different pigment components were separated on cellulose thin layer plates, 

developed with n-hexane – pyridine (7:3, v/v) (174). Each pigment was scraped off the TLC plates 

and eluted in suitable organic solvent to measure their spectrums. The quantitative determination 

was carried out by spectophotometer using different solvents and extension coefficients (175). The 
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identification of pigments was accomplished by direct scanning of spectrum and comparison of the 

data with those mentioned in literature (173, 174). 

3.9. Analysis of carotenoids in tomato pomace 

For analysis 0.1 g of oil were dissolved in 10 ml acetone and then filtered through 0.45 µm PTFE 

filter aid before injection on the HPLC column. 

Nucleosil 100, C-18, 5 µm, 240 x 4.6 mm column was used to separate carotenoids applying 

gradient elution starting with 100% methanol (A) and changing to 15:35:50 (v/v/v) methanol-

acetonitrile-isopropanol (B) in 30 min. The elution was continued for further 5 min with B and then 

get back to 100% A in 5 min. Flow rate was 1 ml per min. The pigments were detected by using 

photodiode-array detector between 190 and 700 nm.  

HPLC instruments was the following: a Waters Alliance series of liquid chromatograph, which 

consists of a Waters 2695 Separations Module, a Waters 2696 photodiode-array detector, and a 

Waters 2475 multi wavelength fluorescence detector was used. The chromatograph was operated by 

Empower Software (2002).  

The individual carotenoids were identified by comparing their retention times and spectral 

characteristics as measured by photodiode-array detector with those of standard materials such as 

lutein (70% from Sigma) and β-carotene and lycopene (95% from Sigma) and authentic standards 

prepared by thin-layer chromatography. Cis isomers of carotenoids were identified by the 

appearance of extra maximum between 320 and 360 nm in the absorption spectrum of the 

individual peaks. Epoxide and allylic hydroxyl groups were identified by carrying out epoxide and 

hydroxyl tests. The yellow colored carotenoids were quantified as β-carotene equivalent, whereas, 

red colored ones were quantifies as lycopene equivalent. 

3.10. Analysis of fatty acid composition in tomato pomace 

The analysis of fatty acid composition in tomato pomace extracts were carried out accordingly to 

the ISO/DIS 5509 method.  

For the esterification 25 mg extract was diluted in a solution mixture (950 µl butyl methyl ether, 

250 µl trimethyl sulfonium hydroxide and 50 µl methanol). This solute (2 µl) was shaken for 1 min 

and a quantity of 1 µl from this solution was injected into the gas chromatographic apparatus. 

The RM-5 standard (rape seed oil methyl ester) was used for determination of fatty acid 

composition of the extracts. The utilised gas chromatographic apparatus for the analysis of fatty 

acid composition was a HP 5890 plus (USA), with capillary column SGE BPX 70 (length=50 m, 
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I.D.=0.22 mm, film layer thickness=0.25 µm) and flame ionisation detector (FID). As carrier gas 

high purity hidrogene was used (flow rate of 0.8 cm3/min). The injection temperature was 260ºC, 

the detector temperature was 250ºC and the column temperature was 200ºC (isotherm). 

3.11. Analysis of tocopherols in tomato pomace 

To analyze tocopherols, the extract was saponified with methanolic KOH for 35 min at the boiling 

point of methanol in presence of 0.5 g ascorbic acid. After cooling and addition of salted water the 

tocopherol fraction was extracted twice by gentle shaking with 40 ml of n-hexane. The hexane 

layers were separated and pooled, then washed three times with distilled water and dried over 

Na2SO4. After vacuum removal of solvent, the dry residues were collected in 10 ml of HPLC-grade 

n-hexane. Tocopherol fraction was separated into different analogues on normal phase Nucleosil 

100, 10 µm, 240 x 4.6 mm column eluted at a flow rate of 1.2 ml/min with 99.6:0.4 (v/v/v) n-

hexane-absolute alcohol. The compounds were detected by fluorescence detector at Ex: 295 nm and 

Em: 330 nm. The detector signals were electronically recorded and integrated. The HPLC apparatus 

was same used for determination carotenoids from tomato pomace extracts. For the qualitative and 

quantitative analysis of tocopherol standard compounds (α-, β-, γ-tocopherols) (Sigma) were used. 

3.12. Other phytochemical analytical methods 

3.12.1. Determination of polyphenol content 

The polyphenol content of the herb was measured according to the modified Hungarian 

Pharmacopoeia (172) by spectrofotometric method at 750 nm, using pyrogallol as reference 

standard. This method is based on the formation of blue colored products by redox reaction with 

Folin-reagent (phosphotungstic acid solution). The absorbance of coloured solutions is being 

proportional to polyphenol concentrations.  

3.12.2. Flavonoid content determination 

Flavonoid content of the samples was determined spectrophotometrically according to the German 

Pharmacopoeia (176) method measuring the flavonoids in AlCl3-complex form of purified ethyl 

acetate phase obtained after acid hydrolysis. Glycosides and aglycones were determined together in 

aglycone form. 

3.12.3. Determination of tannins 

Tannin was determined quantitatively by its adsorption on standard hide powder (172). This method 

is an indirect determination. The tannin content is equivalent with the difference between the total 
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polyphenol content and the polyphenol content remained after the tannins were adsorbed by hide 

powder. 

3.13. Experiments for determine the antioxidant properties 

3.13.1. Determination of oxidative stability of herbs and extracts 

Hydrogen donating ability (HDA) of aqueous extracts was examined in the presence of 1,1-

diphenyl-2-picrylhydrazyl (DPPH) stable radical at 517 nm according to the method of Hatano et al. 

(177). DPPH solution was freshly prepared as a free radical source. From aqueous extracts in four 

concentrations (0.008, 0.018, 0.028 and 0.04 % w/w) methanolic solutions were prepared adding 

500 µl DPPH to each and incubated at room temperature (25 ± 2°C) for 30 min. As control 20% 

(v/v) of DPPH methanolic solution was prepared and treated as the samples. For characterization of 

the activity, the inhibition in percentage is presented calculated from the measured absorbances 

(Abs) of control and samples.  

Inhibition (%) = 
( )

100
control

samplecontrol x
Abs

AbsAbs







 −
  (3-1) 

3.13.2. Determination of radical scavenger activity 

Total scavenging capacity (TSC) of the aqueous extracts was detected by chemiluminometric 

method (178) with Lumat LB 9051 luminometer in the H2O2/OH•-luminol-microperoxidase system. 

Unstable free radicals (OH•) originating from H2O2 via Fenton reaction are resulted in chemical 

reaction of luminol into amino-phtalic acid, when monochromatic light is emitted. In the presence 

of radical scavenging molecules the emitted light is reduced, expressed as the percentage of the 

standard light of the H2O2/OH•–luminol-microperoxidase system (RLU%=Relative Light Unit %). 

From the two marjoram herbs aqueous solutions in four concentrations (0.008, 0.018, 0.028 and 

0.04 % w/w) were prepared. RLU % and the total scavenging capacity (TSC) can be expressed as: 

RLU (%) = 100
standard

sample x
RLU
RLU









;    (3-2) 

TSC (%) = 100 – RLU (%).     (3-3) 

3.13.3. Rancimat method 

Rancimat method is an automated version of active oxygen method for the determination of 

induction time the so-called stability time of fatty or oily extracts. In this method the highly volatile 

organic acids produced by autoxidation are absorbed in water and used to indicate the induction 
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time. Metrohm 743 Rancimat apparatus (Metrohm, Switzerland) was used for the measurements. 

The supercritical CO2- and alcoholic extracts in different concentration (0.1, 0.5, 1, 1.5 and 2% 

w/w) were measured with 4 – 4 gram refined sunflower oil, which oil was the control. For 

comparison BHT synthetic antioxidant was added to the oil in different concentrations (0.01 and 

0.1% w/w). Three parallel samples were filled into the reaction vessels and put in the measuring 

block. It was kept at stable temperature (100°C) and the air was pumped with 20 L/h flow rate. The 

induction time was detected by conductivity measurements and recorded by computer. Protection 

factor (PF) was calculated by diving the induction time of the sample by the induction time of 

sunflower oil. When the materials do not have antioxidant activity, the induction time of their 

dispersion is equal to the induction time of control sample (sunflower oil) and PF is equal to 1. 

3.13.4. Determination of antioxidant compounds by HPLC 

To determine the content of antioxidants in the raw material, 100 mg of marjoram herbs were mixed 

with 100 ml aliquots of ethanol:methanol:2-propanol (90:5:5 v/v/v) and extracted in an ultrasonic 

bath for 1 h. Afterwards, the samples were filtered and analysed by HPLC. 

Determination of carnosic acid and carnosol. The HPLC system consisted of a Spectra SERIES 

P100 pump, a Spectra SYSTEM UV1000 UV-VIS detector and a Rheodyne injector (Cotati, CA). 

Data were monitored with OS2 software. A KROMASIL 100 C18 (250x4 mm, 5 µm) column (BIA 

separations, Slovenia) was used. The mobile phase was a mixture of acetonitrile and water (70:30 

(v/v)) and contained 0.5% phosphoric acid. The flow rate was 1.5 ml/min and the detection 

wavelength was 230 nm.  

Determination of ursolic acid. Apparatus was the same as for the determination of carnosic acid 

and carnosol. A Waters Spherisorb ODS2 (250x4 mm, 5 µm) column (Waters) was used. The 

mobile phase was a mixture of methanol and water (91:9 (v/v)). The flow rate was 0.70 ml/min and 

the detection wavelength was 210 nm. Both methods were validated and on 95% confidence range 

results had no statistical differences.  

3.14. Antimicrobial tests 

Three species of molds, Aspergillus niger, Trichoderma viride and Penicillium cyclopium were 

applied in antifungal tests. A. niger and P. cyclopium are almost the most common fungi causing 

spoilage in raw materials and food products. T. viride is an easily maintained test microorganism, 

used mainly in microbial assays. In the applied antibacterial tests two Gram-negative bacteria, 

Escherichia coli and Pseudomonas fluorescens, while one Gram-positive bacterium, Bacillus cereus 

were used. These bacteria are responsible for food-borne illness and E. coli is a human health 
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indicator. P. fluorescens is psychotropic (facultative psychrophile), which means that it survives in 

chilled temperature. B. cereus contains spores, which are quite stable forms of vegetative organism. 

All the tested microbes were obtained from stock cultures at the Department of Agricultural 

Chemical Technology, Budapest University of Technology and Economics, Hungary. 

According to the high viscosity and pasty character of the SFE extracts, those were mixed with 96% 

ethanol in different concentrations (10 and 20 g/100 ml ethanol from all the extracts, respectively 

and smaller concentrations for extensive investigations). The applied concentrations were the 

followings: 0.05 – 1 % from SFE extracts and 2.5 % from the Soxhlet extract in terms of the mass 

of extract in 100 ml aqueous medium (w/v %).  

These homogenized mixtures were used in all types of antimicrobial tests. The filamentous test 

fungi were maintained on PDA slopes and stored at 4 °C. Conidia was harvested in sterile distilled 

water containing approximately 105 conidia/ml. These conidia suspension were used for 

determining the antifungal activities of the herb extracts by agar diffusion method. In the 

antibacterial experiments test bacteria were grown on meat nutrient agar slopes for 24 hours at 30 

°C, except for E. coli that was grown at 38 °C and then stored at 4 °C. Before the bacterial 

experiments were carried out, liquid medium was inoculated with freshly harvested bacteria and 

incubated for 24 hours at the adequate temperature. These bacteria suspensions were used for 

inoculate the test mediums containing the herb extracts in different concentrations. 

3.14.1.Antifungal test 

Following the inhibition of mycelia growth of fungi was determined by daily measuring of the 

radial growth on PDA plates containing 1 ml alcoholic solution of herb extracts at the range of 

concentration. As the ethanol has inhibitory effect on microbe grown, PDA plates containing 1 ml 

96 % ethanol were used as alcoholic control (5 %, ml/100 ml medium). For all test fungi, PDA 

plates without any added materials were made and were used as control plates. The solid plates 

were inoculated with 0.1 ml conidia suspension, measuring it into the hole (diameter 8 mm) in the 

centre of the medium. The plates were kept for 10-17 days at 28 °C in dark for germination of 

fungi. The inhibition effect of samples was calculated as follows: 

Inhibiton (%) = ( ) 100⋅



 −

C
TC     (6-4) 

 where C is the colony diameter of the mycelium on the alcoholic control plate (mm), 

and T is the colony diameter of the mycelium on the test petri plate (mm). The data refers the results 

of the last day of growing (179-181).  
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3.14.2. Antibacterial test 

The growth of bacteria was followed with measuring the optical density of bacterial suspension by 

densitometry. 50 ml nutrient liquid medium was measured into 150 ml Erlenmeyer flask, three 

flasks were prepared for each examined sample. The flask with the medium was sterilized in 

autoclave at 121 °C for 10 min. Into each sterile flask 1-1 ml of alcoholic herb extracts and into last 

one 1 ml 96% ethanol (used as alcoholic control, 2%, ml/100 ml medium) was measured, then were 

inoculated with 1-1 ml bacteria suspension. The concentration data refer to the concentrations of 

alcoholic mixtures used (10 and 20 m/v%), from which 1 ml samples were measured in 50 ml liquid 

medium. The absolute concentrations of SFE extracts were 0.2% in the case of 10% alcoholic 

mixture and 0.4% in the case of 20% of alcoholic mixture, respectively. Also bacteria control was 

applied without any added material in the sterile medium. E. coli and B. cereus were incubated at 38 

°C and 30 °C in dark, respectively. P. fluorescens was grown on shaking platform in the dark at 30 

°C. Obtaining the starter bacteria concentration (x0) samples were taken straight after inoculation. 

Then samples were taken in the 3, 5, 8, 24 and 27th hours to follow the bacterial growth. According 

to the dark or strong colour of herb extracts 2-3 ml samples were taken before inoculation and used 

as control solution during the density measurements. The optical density of the samples was 

measured by densitometry (Carl Zeiss Jena spectrometer, Germany) at 550 nm wavelengths. The 

growth of the bacteria is manifested in the turbidity of the suspension, and can be followed by the 

rising of optical density. The optical density values of control and alcoholic control bacteria 

suspensions were compared to the pure liquid medium. The optical densities of mediums containing 

herb extracts were compared to the liquid medium containing only herb extracts in the absence of 

bacteria. The inhibition % defined as the optical density of the sample (ODX) in the last hour (27 h) 

of measurement compared to the optical density of alcoholic control (ODAC) in the last hour (179, 

180).  

   Inhibition (%) = 
( )

100⋅






 −

AC

XAC

OD
ODOD

    (6-5) 

3.15. Statistics and replicates 

Triplicate experiments were conducted and the means of the determinations with standard deviation 

are reported. Obtaining Y∞  and k parameters those well define the mass transfer at SFE, non-linear 

curve estimations were used applying non-linear regression. The effects of process parameters of 

supercritical fluid extraction on the overall yields and the yields of certain biological active 

compounds were examined employing a 32 full factorial experimental design with three repeated 
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tests in the centre of the design. The significance level was stated at 95%. The mass transfer 

parameters and the effects were calculated by Statistica for Windows 6.0 software. Establishing the 

effects of the linear and quadric terms of factors and their interactions the ANOVA (Analysis of 

Variances) tables and Pareto charts were obtained, while demonstrated the significance effects 

contour plots and three dimensional fitted surfaces were drawn (182). 
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4. Results and discussion 

4.1. Extraction experiments 

4.1.1. Comparison of different extraction methods 

The hydrodistillation (HD) and Soxhlet extractions with ethanol (SOXH.alc.), n-hexane 

(SOXH.hex.) solvents and supercritical CO2 extraction (SFE) were employed to extract the main 

volatile and non-volatile compounds from the marjoram herb (sample M1 and M4) and from thyme 

herb (sample K1). The yields, obtained by different methods, can be seen in Figure 21 and Figure 

22. It can be observed that the 

hydrodistillation, which is 

traditionally used for obtaining 

essential oils from plant materials, 

possesses smaller amount of the 

product, although this product 

contains mostly volatile 

compounds. The largest amount of 

extract was obtained by ethanolic 

Soxhlet extraction, which can be 

explained with the good solvent 

property of ethanol and its polar 

characteristic. Ethanol also dissolves 

large amount of ballast material, 

which has to be separated from the 

beneficial compounds. The extract 

obtained by SFE is less than that 

obtained by ethanolic extractions, but 

the SFE extract is free from solvent 

residual and only contains the fluid 

CO2 dissolved lipophilic compounds.

Figure 21. Comparison of different extraction method of 
marjoram extraction (sample M1 and M4). 

Figure 22. Comparison of different extraction 
method of thyme extraction (sample K1). 
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A large amount of wet tomato pomaces (84% moisture content) was obtained from the canning 

industry (Hatvan) in September 1999. Our aim was to investigate the effect of storage on extraction 

yield and biologically active compounds in the extracts. Sample P1 was dried immediately in air-

circulated drier at a temperature of 60°C, for 24-

30 hours (final moisture content was 6.1%). The 

dried product was stored at room temperature for 

9 months. Sample P2 was deep-frozen at -20°C 

in wet form and stored in plastic bags for 9 

months as well. Before the extraction it was dried 

with the same air-circulated drier at 60°C for 30-

35 hours (final moisture content was 6.8%). Both 

samples were ground with a knife-grinder. The 

final characteristic particle size of 0.435 mm was 

obtained by RRSB distribution model as it can be 

seen in Figure 23.  

Function Plot P1 and P2
h=(n/x0)*((x/x0)^(n-1))*exp(-((x/x0)^n))

0.0 0.5 1.0 1.5 2.0
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0.0
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x0P1= 0.435 mm 
nP1 = 2.319 
 
x0P2= 0.435 mm 
nP2 = 2.356 

Figure 23. Particle size distributions of 
tomato samples P1(--) and P2(⋅⋅⋅). 

The effect of different storage conditions can be seen in Figure 24, where the differences in the 

extraction yields can be observed. Before extraction I could observe that sample P1, which was 

stored in dried form, had lost of its colour and taste, while sample P2, which was stored deep-

frozen, possessed stronger red colour and more intense smell and taste than P1 tomato pomace. 

Laboratory Soxhlet extraction carried out with n-hexane showed only slight difference in yields, 

while with ethanolic extraction the difference was obvious. Sample P2 contained more polar 

compounds (e.g. pigments, 

flavouring compounds, sugars, 

fibers), therefore the yield 

obtained by ethanol is higher than 

in the case of sample P1. By SFE 

at 450 bar and 40°C higher 

amount of extract was obtained 

from sample P1, which probably 

contained relatively higher 

amounts of the small apolaric 

compounds (e.g. fatty acids) than 

sample P2.   

Figure24. Extraction yields of tomato pomaces, 
sample P1 and P2.  
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The same phenomenon was observed during the extraction of sample P3 and P4, which samples 

were from different sources and different character. Sample P3 was obtained from Hatvan Canning 

Ltd. with very low quality as the sample was almost yellow and had slight aroma and flavour. 

Sample P4 was obtained from Bio Berta Drog Ltd., and possessed strong red colour and intensive 

aroma and flavour. Both samples arrived as dried and the differences could be explained the 

conditions of harvesting, drying or storage. These samples were harvested the same year of 

extraction. In Figure 25 the extraction yields can be seen. The extraction yield of P3 was only 

slightly affected with the 

applied solvents. The highest 

amount of extract was obtained 

by laboratory ethanolic Soxhlet 

extraction. In comparison 

sample P4 produced very low 

amounts of extracts with 

apolaric solvents (n-hexane and 

scCO2), while with ethanol 

almost fifteen times higher 

amount of extracts were 

obtained. This can be also 

explained with the presence of 

relatively higher amount of polaric compounds (e. g. pigments, flavour and aroma components) in 

the pomace, which was observed on the raw material with organoleptic tests. The detailed analysis 

of the extracts will discover the source of the significant differences observed in the yields.  

Figure 25. Extraction yields obtained by different methods 
from tomato pomace samples P3 and P4.  

4.1.2. Results of supercritical fluid extraction 

The supercritical CO2 extraction can be well described with the extraction curve, where the 

extraction yield is expressed in the terms of consumed CO2 or extraction time. Figure 26 shows the 

extraction curves of tomato pomace samples P1 and P2 with typical characters obtained at 450 bar 

pressure and 40°C temperature. At the beginning of extraction steeply increasing curves can be 

obtain where the rate of extraction only depended on the solubility of the compounds in scCO2. In 

the second phase of extraction, after a certain time (at almost straight extraction lines) the solvent 

saturated the system, therefore the extraction was diffusion-controlled. In this phase the strongly 

bounded or deeper localized compounds are extracted. These compounds are mainly fatty acids, 

molecules with higher molecule weights. Therefore long extraction times were observed with 
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relatively low extractable 

amounts. To achieve better 

extraction rate with higher 

solubility, higher 

temperature or pressure can 

be applied. Figure 26 also 

presents the very efficient 

reproducibility of SFE as the 

two parallel experiments 

showed very low, 

insignificant deviations.  

Figure 27 represents thyme 

(sample K1) extraction curves at 400 bar pressure and different temperatures. It can be seen that 

increasing the temperature higher extraction yield could be achieved and also the extraction time 

decreased. The scCO2 soluble compounds were extracted faster with the increase of temperature, 

while the diffusion phase was rather 

straight and obvious. It can be 

explaned with the character of thyme 

herb. Thyme herb contains mainly 

essential oils, pigments, flavonoids 

and phenolic compounds. These 

compounds are located on the surface 

of ground herb or close to the surface. 

The diffusion of hardly bound 

compounds are not presented as 

thyme contains only small amount of 

these.   

Figure 26. Extraction curves of tomato pomace  
(sample P1 and P2). 

Figure 27. Extraction curves of thyme SFE at 400 bar 
and different temperatures. 

With marjoram herb (sample M1) three parallel SFE experiments were carried out at 450 bar 

pressure and 50°C temperature with fractional separations. The results are summarized in Figure 28. 

The pressures of the separators were kept at 78-80 bar (Sep 1.) and 20 bar (Sep 2.). Slightly higher 

total yield (3.66 ± 0.55 g/100 g dried solid) was obtained, comparing to the SFE at 400 bar and 

50°C. Applying fractional separation, dark, brownish-green wax (2.90 ± 0.65 g/100 g dried solid) 
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was obtained from Sep1; yellow, marjoram scented, oily product (0.76 ± 0.17 g/100 g dried solid) 

was obtained from Sep2.  
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Figure 28. Fractionated separation of marjoram (M1) extraction at 450 bar and 50°C. 

4.1.3. Application of SFE model 

In the previous chapter, some extraction curves are summarized in which the extraction yield (%, g 

extract / 100 g dry material) is presented in the terms of extraction time (min) or the consumed 

carbon dioxide (kg / kg dry material). All the curves have similar characters, as at the beginning of 

extraction a slide, almost straight curve can be obtained and this is followed by an asymptotic curve 

ended up a straight line at maximal extraction yield. The first stage (straight line) is controlled 

clearly by solubility and shows quasi-stacionary behaviour of extraction depended on the actual 

operation parameters. In the second stage (asymptotic curve) the extraction is controlled by 

diffusion that takes place in the deeper part of plant material. The velocity rate of extraction quickly 

decreases in second stage, as the soluble compounds are extracted with difficulties due to the longer 

diffusion path and the stronger bounds in the plant matrix. 

The slowest step, diffusion is the velocity definite step; therefore the equation must be written on 

the solid material. Taking it consideration that the velocity of extraction is proportional with the 

concentration of soluble compounds placed in the matrix of raw material, it is a linear model and for 

the analogy of first order reactions it can be stated that: 
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kx
dt
dx

−=       (4-1) 

where x is the concentration of soluble compounds in the raw material (kg/kg), t is the extraction 

time (s), k apparent velocity coefficient (1/s).  

Integrating of Eq. (4-1) yields:  

kte
x
x −=
0

      (4-2) 

where x0 is the concentration of soluble compounds in the raw material at the beginning of 

extraction (kg/kg).  

By substituting the amount of raw material (ms), the extraction yield can be obtained as follows: 

kt

s

s e
xm
xm −=
0

      (4-3) 

kt

s

ss e
xm

xmxm −−=
−

1
0

0      (4-4) 

As the extraction yield is expressed as an isolated fraction of dried raw material the model becomes: 

Y = Y∞ (1-e-kt) = x0 (1-e-kt)    (4-5) 

where Y is the extracted yield by fluid phase at t time (kg/kg), Y∞ is the total extrable material 

(possible extraction yield with infinity extraction time) (kg/kg), k is the velocity or mass-transfer 

coefficient (1/s), t extraction time (s) (11, 183, 184). 

For mathematical explanation of my results Equation 4-5 has been applied. Obtaining Y∞  and k 

parameters those well define the mass transfer at SFE, non-linear curve estimations were used 

applying non-linear regression of the Statistica 6.0 program. The extraction yield is often expressed 

in the term of consumed CO2 (kg carbon dioxide / kg dry material) rather in the term of extraction 

time. The Equation 4-5 can be used freely as long as the fluid velocity is kept stable and steady 

during extraction; in this case, the consumed CO2 is proportional to the extraction time.  

This model very well describes marjoram extractions (M1 and M4 samples). Applying Equation 4-5 

and fitting curves on the experimental results, the obtained mass transfer parameters (Y∞ and k) are 

summarized in Table 5. The R correlation coefficient shows the merit of the fitted curves.  
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Table 5. Established model parameters of marjoram scCO2 extraction 

Sample Exp.No. pE 
(bar) 

TE 
(°C) 

Y∞ 
(g extract/ 
100 g d.m.) 

k 
(kg d.m. 
/kg CO2) 

R 

SFE 8 100 40 1.98204 0.57572 0.99917 
SFE 9 100 50 0.55279 0.17887 0.99991 
SFE 10 100 60 0.48832 0.22994 0.99846 
SFE 7 250 40 3.03410 0.15118 0.99940 
SFE 1 250 50 3.25154 0.20802 0.99936 
SFE 11 250 50 3.13598 0.18549 0.99931 
SFE 12 250 50 3.12669 0.18223 0.99829 
SFE 4 250 60 3.30935 0.19965 0.99895 
SFE 5 400 40 3.41908 0.23872 0.99816 
SFE 2 400 50 3.51473 0.21775 0.99870 
SFE 3 400 60 3.72207 0.21120 0.99772 

M1 

SFE 14 450 50 3.62749 0.21807 0.99468 
M4 SFE 17 450 50 5.2707 0.23375 0.99637 

 

The fitted curves calculated by the SFE 

model and the experimental results (•) 

can be seen in Figure 29. Here the M1 

marjoram sample extractions (SFE 8, 7, 

5) can be seen at different pressures, but 

at stable temperature (40°C). It can be 

observed that with increasing the 

pressure higher amount of products 

could be extracted, the Y∞ increased 

significantly. The infinitive yields (Y∞) 

were the same as the experimental final 

yields obtained by SFE. Therefore, the 

model can be used for prediction of final yields. Reaching the total extractable amount at higher 

pressure less amount of carbon dioxide solvent (35-40 kg/kg d.m.) was needed in comparison to the 

extraction at low pressure around two times higher amount of fluid CO2 was used to reach the 

maximum extractable amount from marjoram. The SFE model well describes the experimental 

results as the R correlation coeffeicents are almost 1.  

Y=Yoo*(1-(exp(-k*mCO2)))

0 10 20 30 40 50 60
Carbon dioxide (kg/kg d.m.)

0

1

2

3

4

Y
ie

ld
 (%

)

400 bar

250 bar

100 bar

Figure 29. SFE of marjoram (M1) at 40°C and different 
pressures and the fitted model curves. 
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Function Plot M1
h=(n/x0)*((x/x0)^(n-1))*exp(-((x/x0)^n))

Y=(5.2707)*(1-(exp(-(0.233752)* mCO2)))
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Figure 31. Egyptian marjoram (M4) SFE extraction 
with the experimental results and the fitted curve 

obtained at 450 bar and 50°C. 
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Figure 30a. Particle size distribution of 
marjoram sample M1. 

Figure 30b. Particle size distribution of 
marjoram sample M4. 

 

 

Figures 30a and 30b represent the differences in particle size distributions described by applying the 

RRBS distribution model of marjoram samples M1 and M4. The particle size of M1 and M4 

marjoram samples were very different, as M1 sample was finely ground powder (0.356 mm), M4 

was the crushed herb with 0.523 mm characteristic particle size.  

The scCO2 extraction of Egyptian 

marjoram (M4) and the fitted 

extraction curve can be seen in Figure 

31. In comparison with M1 extraction 

curves, both marjoram samples can be 

fully extracted with the amount of 35-

40 kg solvent /kg dry material at 

higher pressure. 
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In the case of thyme extraction the SFE model was applied with similarity to the extraction of 

marjoram, as the raw materials were similar kinds; the extraction yields were between 0.5 – 5% 

with 0.8 – 1.9 % of essential oil contents. The scCO2 extraction was examined in the same ranges of 

temperature (40-60°C) and of pressure (100-400 bar). For the experimental results the Equation 4-5 

was fitted using non-linear regression. The determined mass transfer parameters (Y∞ and k) and the 

correlation coefficient (R) are summarized in Table 6.  

Table 6. Established model parameters of thyme scCO2 extraction 

  
Exp.No. pE 

(bar) 
TE 

(°C) 

Y∞ 
(g extract/ 
100 g d.m.) 

k 
(kg d.m./kg 

CO2) 
R 

SFE 30 100 40 1.95045 0.01955 0.99154 
SFE 33 100 50 0.61670 0.06212 0.99982 
SFE 31 100 60 0.69139 0.02251 0.98740 
SFE 34 250 40 2.53378 0.06008 0.99762 
SFE 26 250 50 3.65797 0.05293 0.99529 
SFE 29 250 50 3.99427 0.05706 0.99709 
SFE 32 250 50 3.46137 0.06833 0.99496 
SFE 35 250 60 3.40918 0.07488 0.99870 
SFE 27 400 40 2.75422 0.04590 0.99775 
SFE 36 400 50 3.35494 0.05843 0.99837 
SFE 28 400 60 4.91635 0.06251 0.99327 

 

 

 

 

 

 

 

 

 

It can be concluded that the experimental final yields are well adjusted with the determined yields 

(Y∞). The modified mass transfer coefficients (k) are between 0.05 – 0.07 kg drug/kg CO2, the 

lowest values were determined at low pressure (100 bar) and 40 and 60°C, while the highest k was 

obtained from the data at 250 bar and 

60°C. The correlation coefficients are 

near to 1, therefore the Equation 4-5 fits 

well on the experimental results. In 

Figure 32 the experimental results ( ) 

and the fitted model curves of thyme 

SFE can be seen at 60°C and at different 

pressures. At low pressure the curvation 

is less than it is at higher pressure. In 

comparison of the curves obtained by 

marjoram and thyme scCO2 extractions 

it can be concluded the total extractable 

amounts of thyme can be achieved using 

Model: Y=Yoo*(1-(exp(-k*mCO2)))
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Figure 32. Experimental results and fitted curves 
of thyme extractions at 60°C. 
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almost twice as much solvent for the extraction as during marjoram extraction. In thyme extraction 

this amount of consumed CO2 was between 70-80 kg solvent/kg dry material, while this was half in 

the extraction of marjoram. It can be explained with the different properties of bonding the soluble 

compounds. Probably thyme contains stronger bounded scCO2 soluble compounds than marjoram. 

These compounds have higher molecule weights and can be extracted at the end of extraction or at 

higher pressure.  

Also it can be occurred due to the physical 

properties of herb. Thyme was extracted as 

crushed drog with the characteristic particle 

size of 1.149 mm (Figure 33), while marjoram 

with shorter extraction time was ground before 

extraction with the characteristic particle sizes 

of M1 0.356 mm, while M4 0.523 mm particle 

size. As the particle size of thyme was two or 

three times bigger than that of marjoram herbs, 

the scCO2 needed more time for extraction and 

to dissolve the stronger bound compounds.  
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nK1 = 2.219 

Function Plot K1
h=(n/x0)*((x/x0)^(n-1))*exp(-((x/x0)^n))

Figure 33. Particle size distribution of thyme herb.

Tomato pomace scCO2 extraction was described with the SFE model and the mass transfer 

coefficients (k) and the infinitive yields (Y∞) were established in the cases of P1, P2, P3 and P4 

samples. The results are summarized in Table 7.  

For comparison of experimental yields 

(Appendix, Table VIII.) and the infinitive 

yields (Y∞) they show great similarity which 

proves the merit of the applied model. Great 

differences can be seen between the values of 

modified mass transfer coefficients (k), as 

among samples P1, P2 and P3 the values are 

in the range of 0.10-0.21 kg drug/kg CO2, 

while in the case of sample P4 the k were 

between 0.02-0.07 kg drug/kg CO2. This can 

be explained with the differences in the 

particle size of raw materials, the 

Function Plot P4
h=(n/x0)*((x/x0)^(n-1))*exp(-((x/x0)^n))
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Figure 34. Particle size distribution of tomato 
pomace (sample P4).  
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characteristic particle size of samples P1, P2 and P3 are the followings: 0.435 mm, 0.435 mm, and 

0.599 mm, respectively. Sample P4 was a finely ground powder with 0.308 mm (Figure 34) and 

might be this difference could cause the differences in the k values.  

Table 7. Established model parameters of tomato pomace scCO2 extraction 

Sample Exp.No. pE  
(bar) 

TE  
(°C) 

Y∞  
(g extract/ 
100 g d.m.) 

k  
(kg d.m./kg 

CO2) 

R 

P1 SFE 1 450 40 10.6736 0.13016 0.99785 
SFE 3 450 40 7.84642 0.18716 0.99920 P2 SFE 5 450 60 8.10558 0.21133 0.99720 
SFE 9 380 60 15.0949 0.10385 0.98324 P3 SFE 10 460 60 14.9444 0.14355 0.99652 
SFE 14 300 40 2.88379 0.04554 0.99098 
SFE 13 300 60 3.10804 0.03572 0.99693 
SFE 21 300 80 3.99153 0.04372 0.99579 
SFE 16 380 40 3.81142 0.02995 0.99681 
SFE 15 380 60 3.36157 0.03624 0.99612 
SFE 18 380 60 3.06488 0.04016 0.99523 
SFE 22 380 60 3.05080 0.05688 0.98543 
SFE 23 380 80 3.68053 0.05716 0.99945 
SFE 17 460 40 2.87630 0.06473 0.99092 
SFE 12 460 60 3.25178 0.07067 0.99431 

P4 

SFE 19 460 80 3.92165 0.05030 0.99872 
 

In Figure 35 the fitted extraction curves and the experimental results, of tomato pomace samples P1 

( ) and P2 (♦) carried out the extraction 

at 450 bar and 40°C. The model well 

fitted on the experimental results, which 

are proved by the values of correlation 

coefficients, 0.997 and 0.999, 

respectively. 

Model: Y=Yoo*(1-(exp(-k*mCO2)))
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It also can be seen that using ∼ 35 kg/kg 

dry material amount of solvent the total 

yields can be extracted; therefore, 

operational costs could be reduced.  

 Figure 35. SFE fitted curves and experimental 
results of tomato pomace P1 and P2 samples.  
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In Figure 36 the experimental results 

and the fitted curves of supercritical 

extraction of sample P3 can be seen at 

60°C temperature and 380 (ο) and 460 

bar (•) pressures. At the beginning of 

the extraction slight differences can be 

found, which can be explained by the 

difference in mass transfer coefficients 

(k). On the other hand by the end of the 

extraction (consumed around 40-50 kg 

CO2 / kg raw material) same extraction 

yields were obtained. In comparison of 

the curvations of the extraction curves 

of samples P1, P2 and P3 no significant differences can be observed that can be explained with the 

similar particle sizes of the samples.  

Y=(Yoo)*(1-(exp(-(k)*mCO2)))
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Figure 36. ScCO2 extraction of tomato pomace sample 
P3 at different pressures and at 60°C. 

380 bar 

460 bar 

During the scCO2 extraction of sample 

P4 two times higher amount of solvent 

(∼ 70-80 kg/kg d.m.) was needed to 

obtain the final yield (Y∞) as it can be 

seen in Figure 37. Tomato pomace 

scCO2 extractions are summarized with 

the experimental results (♦) and the 

fitted curves at 300 bar and different 

temperatures (40, 60 and 80°C). The 

curves are very similar and even at 

using up 80 kg CO2 /kg raw material 

the infinitive yields (Y∞) were not 

reached. The extractable compounds 

were probably strongly bound, as this sample contained higher amount of carotenoids and fewer 

amounts of fatty acids according to other samples. It can be explained that probably the raw 

material contained lower amount of tomato seeds, therefore lower amount of fatty acids. It can be 

concluded that to extract carotenoids higher amount of solvent or longer extraction time is needed 

Model: Y=Yoo*(1-(exp(-k*mCO2)))
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Figure 37. Experimental results and fitted curves of 
SFE of tomato pomace (P4) at 300 bar and different 

temperatures. 
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to recover the most extractable pigment compounds. Even the particle size was fine the time of 

extraction did not decreased. 

For conclusion, the applied extraction model describes well the scCO2 extraction of marjoram, 

thyme and tomato pomace. The model curves were well fitted on the experimental results. The mass 

transfer of SFE is well represented by the infinitive yield (Y∞) and the modified mass transfer 

coefficient (k) and they indicated the differences among the raw materials and the extractable 

compounds. Obtaining small values of modified mass transfer coefficient (k) means that the 

extraction is slow, which is caused by the big particle size of raw material or the characters of 

soluble compounds.  

4.1.4. Influence of extraction conditions on recovery 

The effects of the temperature and pressure of the extractor on the yield of SFE were examined 

employing a 32 full factorial design with three repeated tests in the centre of the design. The three 

levels of the temperature were between 40 and 80°C while those for the pressure were between 100 

and 460 bar. The dependent variable was the extraction yield expressed in mass ratio of the extract 

to the starting, dried material (Y = g extract/ 100 g dried material, %). During the experiments the 

pressures of Separators 1 and 2 were kept on stable values (40 bar and 20 bar, respectively).  

 

Obtaining the effects of extraction parameters on marjoram (sample M1) extraction yield, the 

following parameters were 

established: the three levels of 

temperature were 40, 50, and 60 ºC, 

while those of the pressure were 100, 

250, and 400 bar. The estimated 

effects of the terms are demonstrated 

in the form of Pareto chart (Figure 

38) giving also the sign of the 

effects. The vertical dashed line, 

titled P=0.05, gives the critical limit 

for significance level P=0.05. Effects 

that have a larger absolute value than 

this limit are qualified as significant. It is apparent that the pressure terms (linear [p] and quadratic 

[p2]) are highly significant. It is also apparent that the interaction between the linear term of 

temperature (T) and that of pressure (p) [T by p] is highly significant as well. The linear and 

Pareto Chart of Standardized Effects; Variable: YIELD
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.0052403

Effect Estimate (Absolute Value)
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-4.51728
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Figure 38. Pareto chart of SFE yield of marjoram 
sample M1. 
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quadratic terms of temperature and the interactions between [T by p2], [T2 by p] and [T2 by p2] are 

not as significant, because the values in the rows of the above-mentioned terms are relatively lower 

than the values of [p], [p2] and [T by p].  

The contour plot fitted to the experimental results is shown in Figure 39. It is seen that both 

temperature and pressure of the extractor affect the yield. Highest amount of marjoram SFE extract 

was 3.798 g/100 g d.m. obtained at 400 bar and 60 ºC. The effect of pressure on obtaining higher 

amount of extract is highly significant in 

comparison to the effect of temperature. 

At higher pressure (p ≥ 300 bar) 

increasing the temperature produces a 

higher yield, whereas at lower pressure (p 

≈ 100 bar), the effect is opposite. The 

volatile compounds were recovered at 

lower pressures, while waxy compounds 

containing high molecule weighted 

biological active compounds were 

achieved at higher pressures. 
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Figure 39. Contour plot of SFE yields of marjoram 
sample M1. 

 

The three-dimensional response-surface plot fitted to the experimental results of thyme (sample K1) 

SFE extraction is shown in Figure 40. In the 32 full factorial experimental design the three levels of 

the temperature were 40, 50 and 60°C while those for the pressure were 100, 250 and 400 bar. It is 

seen that both the pressure and temperature of the extractor affected the yield. The curved surface in 

the [p] variable reflected the quadratic pressure dependence, which gave an optimal pressure within 

the experimental region. Due to the [T by p] interaction the surface was slightly twisted. The same 

phenomena was observed like marjoram extraction, as at higher pressure increasing the temperature 

produced a higher yield, while at lower pressures, the effect was opposite. The character of the 

extracts was dissimilar according to the applied conditions of SFE. At lower pressures mainly the 

volatile compounds were recovered, in form of yellowish brown oil with strong characteristic 

flavour. At higher pressures mostly waxy compounds were achieved containing pigments, oils and 

higher molecule weighted phenolic compounds. 
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 Fitted Surface; Variable: YIELD
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.0296843
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Figure 40. Three dimensional fitted surface of thyme (sample K1) 

SFE extraction.  

 

The influences of extraction conditions (p and T) on the yield of thyme extraction can be seen in 

Pareto chart (Figure 41). The linear pressure term [p] had a high significant effect on the yield 

(similar to marjoram extraction). The 

interaction between the pressure linear 

term and temperature linear term [p by 

T] as well as the effect of the quadratic 

term of pressure [p2], is also significant. 

Slightly significant the effect of the 

linear term of temperature [T] and the 

quadratic interaction between the 

examined conditions [p2 by T2]. The 

other effects were not significant on 95% 

significant level, as their values were 

below the dotted line.  

Pareto Chart of Standardized Effects; Variable: YIELD
2 3-level factors, 11 Runs; MS Residual=0.0296843
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Figure 41. Pareto chart of thyme extraction.  

 

Comparison of marjoram and thyme supercritical extraction, the pressure had the highest influence 

on extraction yield, while temperature had slighter effects, which mainly depended on the applied 

pressure ranges. In both cases the effect of temperature on the yield showed similarity, at higher 
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pressure the effect of temperature was strong, while at lower pressure the effect was the opposite. 

This similar phenomena can be explained the similar physical and biological character of marjoram 

and thyme herbs, also both herbs contains considerable amounts of essential oils.  

 

In the case of tomato pomace also a 32 full factorial design was employed to obtain the effects of 

the temperature and pressure of SFE on the extraction yield. In these experiments the three levels of 

temperatures were: 40, 60 and 80°C, while those of pressure were: 300, 380 and 460 bar. Figure 42 

represents the three dimensional fitted surface of tomato pomace (sample P4) supercritical 

extraction. As it can be seen the fitted surface is much flatter than in the cases of marjoram and 

thyme SFE. The explanation for this is that higher pressures were applied and the temperature and 

pressure only slightly affected the extraction yield. The effect of temperature is stronger than that of 

the pressure.  

Fitted Surface; Variable: YIELD
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.012388
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Figure 42. Fitted surface of tomato pomace (sample P4) supercritical CO2 extraction. 

The table of Analysis of Variances (ANOVA) (Table 8) shows the linear and quadratic terms 

effects and their interactions. The P values belong to the F-test statistic and have significant effect 

on the examined term, if they are less than the usual P = 0.05 significance level. On the basis of 

Table ANOVA it is apparent that the the effect of linear term of the temperature [T] was significant 

at the 95% significance level, which P value was lower than the above-mentioned significant level 

(P = 0.05). It is also apparent, that nor the interactions neither the other linear and quadratic terms 
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had significant effects. This can be explained with relative high content of higher molecule 

weighted compounds in tomato pomace, such as fatty oils, carotenoids, fatty acids and tocopherols. 

According to previous experiments, these compounds are well extracted at higher pressure and the 

composition of extract can be affected with the changes in temperature rather than that of in 

pressure. 

Table 8. ANOVA table of tomato pomace SFE 

ANOVA; Var.:YIELD; R-sqr=0.98884; Adj:0.94422 
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.012388 

 SS df MS F P 
T 1.900688 1 1.900688 153.4298 0.006455 
T2 0.188700 1 0.188700 15.2325 0.059819 
p 0.051708 1 0.051708 4.1741 0.177769 
p2 0.006227 1 0.006227 0.5027 0.551835 
T by p 0.001190 1 0.001190 0.0961 0.785901 
T by p2 0.002670 1 0.002670 0.2155 0.688095 
T2 by p 0.023852 1 0.023852 1.9254 0.299643 
T2 by p2 0.014930 1 0.014930 1.2052 0.386801 
Error 0.024776 2 0.012388   
Total SS 2.220754 10    
SS: sum of square; df: degrees of freedom; MS: mean square; F: F test value; P: P level 
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4.2. Essential oil contents in marjoram herbs 

4.2.1. Comparison of marjoram essential oils  

The main essential oil components in the six marjoram drugs are summarized in Figure 43. The gas 

chromatograms of marjoram M1 and M4 samples can be found in Appendix, Figures 3-8. The 

identified main volatile components were similar in the samples. In the highest amount terpinene-4-

ol (30.3–36.6%) mono-terpene was present in the volatile oils, which is one of the characteristic 

compounds. Further high amount of γ-terpinene (12.3–15.2%), linalool (6.2–12.1%), and p-cymol 

(9.8 – 10.1%) were found, while the amounts of α-pinene (4.0 – 5.9%) and α-terpineol (4.4 – 5.9%) 

were almost similar. Every essential oils contained limonene (2.5 – 3.2%), terpinolene (1.8 – 2.1%), 

β-pinene (1.5 – 2.2%) and β-caryophyllene (1.5 – 2.6%) in smaller amounts. As minor compounds, 

β-mircene (0.3 – 0.4%) and terpenyl-acetate (0.5 – 1.7%) were quantified.  
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Figure 43. Main volatile compounds of marjoram samples. 

 

It can be seen, that beside of the two main components presented in the highest amounts of sample 

M5, terpinene-4-ol (36.6%) and γ-terpinene (15.2%) it contained the other components in similar 

amounts as well as in samples M3 and M4. The quantitative compositions of the volatile oils of 

samples M3 and M4 were rather similar, except the amounts of terpinene-4-ol and α-pinene. 
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Terpinene-4-ol compounds were present in smaller amounts in samples M1, M2 and M6, however 

amounts of the linalool in these samples were almost twice as much as in samples M3, M4 and M5 

(the highest amount of linalool was measured in sample M6, 12.1%, respectively). α-pinene was 

found in the highest amount in sample M1 (5.9%), while α-terpineol was present in the highest 

amounts in sample M3 and M4. The composition of essential oils had similar chemovariety to 

Central and Eastern European spices of marjoram (50, 52-57). 

4.2.2. Qualitative determination of essential oil components in the marjoram 
extracts 

Among the marjoram samples, only samples M1 and M4 were investigated further as above the 

essential oil. Solvent extracts and supercritical CO2 extracts were available for deeper examinations. 

The constituents of each extracts can be seen in Table 9. It is important to note that M1 was a 

Hungarian originated marjoram herb, while sample M4 originated from Egypt.  

 

The main volatile component was terpinen-4-ol in both essential oils, and in the supercritical 

extracts. Very similarly, this compound was obtained in nearly the same amount by 

hydrodistillation and by SFE from both marjoram samples. In both essential oils the second main 

compound was γ-terpinene, while differences can be seen in the amounts of other compounds. In 

Hungarian herb essential oil linalool, p-cymol, α-pinene, camphene, α-terpineol, α-terpinene, β-

pinene, α-terpinolene and β-caryophyllene were found in decreasing amounts, respectively. The 

Egyptian herb contained the following compounds in decreasing amounts after the two main 

compounds: p-cymol, linalool, α-terpineol, α-pinene, α-terpinolene, β-pinene and β-caryophyllene. 

The characteristic marjoram scented compound cis-sabinene hydrat was found only in supercritical 

and solvent extracts in low amounts as it is thermolabile compound and might decomposed or 

degradated during hydrodistillation and at the higher temperatures of solvent extractions. Both 

ethanolic and supercritical extracts showed similar composition, although in SFE extracts the 

content of terpinen-4-ol was around twice as high as in the ethanolic extracts. Three compounds 

were identified in solvent and supercritical extracts presented in different amounts which were not 

found in essential oils.  
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Table 9. Composition of the marjoram essential oils, solvent extracts and supercritical fluid extracts (% peak area analysed by GC and GC-MS 
methods) 

Sample M1 Sample M4 
Compound tR 

(min)a 
TIC tR 
(min)b Essential 

oil Soxh. alc. Soxh.hex. SFE Essential 
oil Soxh. alc. Soxh.hex. SFE 

α-Pinene 4.14          5.9 0.3 - - 5.1 3.2 - 1.1
Camphene           4.58 5.8 - - - - - - -
β-myrcene 4.91          0.3 - - - 0.3 - - -
β-Pinene 5.33          2.2 0.4 - - 2.0 3.4 - 4.1
α-Terpinene 6.24 10.61         3.2 2.2 0.3 2.7 - 4.5 - 5.1
p-cymol          6.59 9.8 0.6 - 1.8 9.9 0.8 - 1.5
γ-Terpinene 7.18 12.44         14.0 4.1 3.7 5.3 13.7 6.3 0.8 9.1
Terpenyl acetate          8.62 0.7 - - - 0.5 - - -
α-Terpinolene 8.77 13.52         1.8 2.5 1.3 1.1 2.1 4.5 1.5 2.6
Linalool 9.70          12.1 6.0 5.1 1.1 6.7 4.7 11.3 6.7
cis-Sabinene hydrate          9.91 18.86 - - - 1.1 - 6.2 0.8 1.5
Terpenyl ester 10.54 21.08         - 1.5 - 0.9 - 3.3 1.1 1.1
Terpinen-4-ol          11.25 23.21 30.3 16.6 2.3 30.6 34.0 5.9 5.3 25.1
α-Terpineol 11.59 25.85         4.4 4.2 2.5 4.2 5.9 3.2 3.5 4.4
β-Caryophyllene 14.44 23.41         1.8 2.0 1.6 2.2 1.9 1.5 2.0 2.2
Neophytadiene          18.29 32.21 - 1.2 - 1.9 - 4.5 3.6 1.1
Spathulenol          24.28 37.21 - 9.9 1.55 9.9 - 10.8 15.7 4.7
Palmitic acid          27.68 47.61 - 29.4 - 25.4 - 19.9 18.5 10.6

a tR is the retention time according to GC method, b TIC tR is the retention time from the total ion chromatograms of GC-MS method; 

- not found; 

Soxh.alc – Soxhlet extracts obtained with ethanol; Soxh.hex. – Soxhlet extracts obtained with n-hexane; SFE – supercritical CO2 extracts 
obtained at 450 bar and 50°C.  
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Neophytadiene was quantified only in relatively low amounts. The bicyclic spathulenol was found 

in similar amounts in SFE and solvent extracts, while the palmitic acid, which was identified with 

GC-MS, was found in significantly high amounts in supercritical and ethanolic extracts. Between 

the two different originated herbs no significant differences can be observed, although the Egyptian 

herb contained lower amount of linalool. Also more compounds were identified in Egyptian herb 

extracts than in the Hungarian ones it may be explained with the shorter storage time between the 

extraction and analysis. The storage can also affect the number of identified compounds and their 

amounts in hexane extracts, as Egyptian extracts contained more compounds in higher amounts than 

Hungarian herb extracts. On the other hand it revealed that in supercritical and ethanolic extracts 

certain compounds can be stored for longer period due to preventive environment.   

4.3. Determination of pigments 

The color of plants is the result of the presence of chlorophyll (green) and carotenoids (yellow). 

Chlorophyll A is the most common type of pirrols and accounts for about 75 % of the total 

chlorophyll. Chlorophyll B is an accessory pigment. Pheophytin A is formed from chlorophyll A 

with the lost of magnesium. The term carotenoid represents a wide range of chemicals, which 

include two major groups of pigments: carotene and xantophylls. β-Carotene is the precursor for 

vitamin A. Lutein, the main xanthophyll, represents about 45 percent of the carotenoids present in 

plant leaves (173, 185). The literature lacks precise information on the extraction of pigments from 

marjoram by supercritical carbon dioxide. Therefore, the aim of the present work was to examine 

the effect of extraction conditions (pressure and temperature) on the yield, to reveal the pigment 

compositions of marjoram extracts and to evaluate the possibility of the SC-CO2 extraction of 

pigments.  

4.3.1. Quantitative determination of chlorophylls and carotenoids in marjoram 

The detection of chlorophylls and their derivatives (pheophytins) and the carotenoids in marjoram 

extracts was achieved by HPLC. The yields of chlorophyll A, pheophytin B, and the carotenoids 

can be found in Appendix Table IX. The chromatograms of pigments found in marjoram M1 

sample can be found in Appendix, Figures 9-13. In highest amount pheophytin B was recovered 

from marjoram mainly at higher pressure of SFE and ethanolic extractions. 
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The influence of the extraction conditions (pressure and temperature) on the yield of a particular 

pigment compound as dependent variable was also investigated. In the case of chlorophylls and 

pheophytins, the linear pressure term [p] had a high significant effect on the pigment yields (similar 

to its effect on the yield of the extract). 

The interaction between the pressure 

linear term and temperature linear term [p 

by T] as well as the effect of the linear 

term of temperature [T], are also 

significant. The chlorophylls and 

pheophytin compounds showed 

similarity; therefore it is sufficient to 

show the Pareto chart of chlorophyll A 

(Figure 44).  

Pareto Chart of Standardized Effects; Variable: CHLOROPHYLL-A
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.0072171
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Figure 44. Effect of the extraction pressure on 
chlorophyll A yield. 

 

In Figure 45 the three-dimensional response-surface of pheophytin B yield shows the largest value 

at the high [p] high [T] corner. The 

surface of the chlorophyll A is 

analogous. It can be concluded 

that higher pressure and 

temperature of the extractor during 

SFE magnified the amounts of 

chlorophylls and pheophytins. The 

achieved amounts of green 

pigments can be increased with 

increasing the extraction pressure, 

instead of increasing the 

temperature. The effect of 

temperature on yield of green 

pigments is significant only at a 

high pressure of extraction.  

Fitted Surface; Variable: Pheophytin-B
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=1.320433

 30 
 20 
 10 

Figure 45. Three-dimensional plotted surface of 
pheophytin B. 
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 Pareto Chart of Standardized Effects; Variable: LUTEIN
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.0428704

Effect Estimate (Absolute Value)
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Figure 46. Effects of the extraction conditions on 
lutein recovery. 

The estimated effects on lutein yield are 

seen in the Pareto chart (Figure 46). For 

β-carotene the Pareto chart is similar. It 

is apparent that the linear [p] and 

quadratic [p2] terms of pressure have 

significant effect on yields of lutein and 

β-carotene. The other examined effects 

are negligible.  

 

 

According to the three-dimensional 

response surface plot fitted to the 

analytical results of β-carotene 

(Figure 47), the maximum yield of 

carotenoids can be achieved by 

using high pressure and high 

temperature (400 bar and 60°C).  

Fitted Surface; Variable: B-Carotene
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.0092333

Figure 47. Effects of temperature and pressure on the 
plotted surface of β-carotene. 

 

 

 

 

 

 

4.3.2. Quantitative determination of carotenoids in tomato pomace 

The quantitative and qualitative determination of carotenoids from tomato pomace samples (P1-P4) 

was carried out by HPLC method. Major pigment components and compositions of tomato pomace 

samples are summarized in Tables X.-XII. in the Appendix. The chromatograms of carotenoids of 

tomato pomace (sample P4) can be found in Appendix, Figures 14-16. The influence of SFE 

extraction parameters (pressure and temperature) on the yield of carotenoids (containing mainly 

lycopene, γ-carotene, luteins, chryptoxanthines and lycoxanthines) and on the yield of the main 

carotenoid compound: lycopene as dependent variables was also investigated. The contour plot of 

the effects of pressure and temperature on the yield of total carotenoids is shown in Figure 48.  
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It can be seen that the temperature had 

slightly more significant effect on the 

carotenoids yield than the pressure. The 

effect of pressure increased at higher 

temperature. At 460 bar and 80°C 

temperature the highest amount of 

carotenoids was recovered, 34.86 

mg/100 g d.m. The percentages of 

lycopene in the carotenoid rich extracts 

were between 70 and 90% of lycopene. 

As lycopene is the most valuable 

compound among the others, the effects 

of extraction conditions were examined 

for this compound too. The Pareto chart 

(Figure 49) showes the most significant 

effects of temperature [T], the 

interaction of the linear term of 

temperature and quadratic term of 

pressure [T by p2] and the effect of 

pressure [p] on the yield of lycopene.  

Fitted Surface; Variable: P4 Carotenoids
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.3592463
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Figure 48. Contour plot of carotenoids yield of tomato 
pomace. 

Pareto Chart of Standardized Effects; Variable: P4 Lycopene
2 3-level factors, 1 Blocks, 11 Runs; MS Residual=0.605479
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Figure 49. Pareto chart of SFE on the yield of 
lycopene from tomato pomace. 

 

 

 

 

 

 

The effects of the interactions of temperature and pressure terms, as [T by p2] and [T by p] are well 

represented on the fitted surface with its curvatures of lycopene SFE extraction in Figure 50.  
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It can be seen that temperature had 

significant effect on the lycopene 

yields at all the conditions, while 

stronger significant effects of pressure 

were shown at higher extraction 

temperatures. The highest amount of 

lycopene can be achieved at 460 bar 

and 80°C, 31.40 mg/100 g d.m. 

respectively. At this extraction 

conditions, the highest amount of 

lycopene was recovered, 90% of the 

all extracted carotenoids, therefore 

SFE is highly efficient for lycopene 

extraction.  

Fitted Surface; Variable: P4 Lycopene
2 3-level factors, 1 Blocks, 11 Runs; MS

Residual=0.605479

Figure 50. Three dimensional fitted surface of lycopene 
content in tomato pomace SFE extracts (sample P4). 

4.3.3. Comparison of pigments accordingly to the applied extraction methods 

Different amounts of each pigment can be isolated from the herbs, according to the applied 

extraction methods. Most of the pigments usually are found in the samples obtained by alcoholic 

Soxhlet extraction applying laboratory and pilot plant apparatus. In the samples obtained by Soxhlet 

extraction with hexane, the amounts of the examined pigments are comparable to those in the 

extracts obtained by SFE. Applying SC-CO2, the highest amounts of pigment compounds can be 

extracted at high pressures (400-460 bar) and at high temperatures (50-80°C). Among the examined 

pigments, carotenoids and chlorophylls can be extracted with high efficiency by SFE method. 

During marjoram (sample M1) pigment extraction, it can be concluded that the highest amounts of 

carotenoids and chlorophylls and their derivates, pheophytins were recovered by ethanolic 

extraction but not significantly higher amounts than these obtained by SFE, except in the extraction 

of pheophytins. The scCO2 extraction produced similar amounts of pigments as extraction with n-

hexane, however in SFE products these high valued compounds could be find without solvent 

residual and clean form. 
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The amounts of lutein and β-carotene 

(Figure 51) in marjoram (M1) extracts 

obtained in the experiment of SFE16 at 450 

bar and 50°C (5.67 mg lutein/100 g dry 

material, 6.06 mg β-carotene/100 g dry 

material) were similar to those in extracts 

obtained by Soxhlet extraction with hexane 

(6.92 mg lutein/100 g dry material, 5.58 

mg β-carotene/100 g dry material). The 

amount of β-carotene achieved by pilot 

plant Soxhlet extraction was surprisingly 

low in spite of the numerous repetitions. In addition the beginning of the HPLC profiles in the 

samples obtained by ethanolic extraction contained more compounds, which assumed the presence 
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Figure 51. Comparison of carotenoids in 
marjoram obtained by different methods. 

of polar xanthophylls.  

Among the examined chlorophylls, the 

chlorophyll B was found in higher 

amount (53.91 mg/100 g dry material) in 

extract obtained by ethanolic extraction. 

Applying SFE at 450 bar and 50 °C the 

maximum amount of chlorophyll B (4.25 

mg /100 g dry material) was determined. 

The highest amount of chlorophyll A 

(6.02 mg/ 100 g dry material) was also 

obtained by ethanolic extraction. The 

determined amounts of chlorophyll A 

can be found in Figure 52. 
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Figure 52. Recovered amounts of chlorophyll A 
from marjoram according to the applied 

methods.

Outstanding amounts of the pheophytins were found, especially in the extracts obtained by 

ethanolic Soxhlet extraction. The comparison of the amounts of pheophytin A can be seen in Figure 

53. Alcoholic laboratory and pilot plant Soxhlet extractions resulted in significant amounts of 

pheophytin A (341.09 mg/100 g dry material and 359.59 mg/100 g dry material). Only the third part 

of these amounts was obtained by applying SFE. In the case of pheophytin B the yields of the 

different extraction methods were in relation to the amounts of pheophytin A. 
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The highest amount of pheophytin B 

was 201.07 mg/100 g dry material 

obtained by alcoholic pilot plant 

Soxhlet extraction. In the samples of 

SFE only 32.38 mg/100 g dry material 

amount of pheophytin B was found.  

Finally in the case of samples obtained 

by fractionated SFE, pigments mainly 

were found in the samples of Sep1. 

Chlorophyll pigments were not found in 

significant amounts in the samples from Sep2 (Appendix, Table IX).  
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Figure 53. Achieved amounts of pheophytin A 
isolated from marjoram by the applied methods. 

 

From tomato pomace mainly carotenoids and polar xanthophylls were extracted. Lycopene is the 

highest interested molecule, which can be used as natural colorant and has proven its health-

preventive property. In tomato pomace extracts lycopene can be found in the highest amount among 

the carotenoids, which quantity depends on the quaility of pomace and the storage and the 

extraction methods.  

Due to different storage, unsimilarities can be observed in the yields of extractions as we looked 

through this in Chapter 8 and significant differences can be found in the quality, the contents of 

carotenoids and among them the contents of lycopene.  

The effects of the different solvents (n-hexane, ethanol and scCO2) and the effect of storage can be 

seen in Figure 54a and 54b, where the yields of carotenoids of samples P1 and P2 are compared. P1 

sample was stored for 9 months in dried form, while P2 sample was stored in deep-frozen for 9 

months and dried just before the extractions.  

It can be concluded that almost ten times higher amounts of carotenoids were recovered from 

sample P2, the deep-frozen stored pomace. As the solvent power of n-hexane and scCO2 are 

relatively close to each other (solubility parameters are: 14.9 MPa1/2 for n-hexane and 16.77 MPa1/2 

for scCO2 at 450 bar and 40°C), therefore the similar amounts of carotenoids were extracted. In the 

case of sample P1, the most efficient extraction method from the contents of lycopene point of view 

was the Soxhlet extraction with n-hexane as the lycopene content was 46.6% of the all extracted 

carotenoids, although with SFE extraction the lycopene content was 45.3% of the carotenoids. 

Generally speaking, sample P2 contained more carotenoids and lycopene (Figure 54b). With 

ethanolic extraction almost twice as much carotenoids could be obtained (58.2 mg/100 g d.m.) than 

by the mean of scCO2 at 450 bar and 40°C and n-hexane extractions (29.2 mg and 23.1 mg/100 g 
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d.m., respectively). A strong and significant effect of temperature on the yield of carotenoid 

extraction can be observed. Increasing the temperature, high amount of carotenoids (55.6 mg/100 g 

d.m.) was obtained by SFE at 60°C and 450 bar. 

ted from different sources differed strongly in quality. These differences 

For comparison of lycopene contents, the percentage values were between 63 and 83% of all the 

Figure 54a. Carotenoids and lycopene 
contents in tomato pomace (sample P1). 

Figure 54b. Carotenoids and lycopene 
contents in tomato pomace (sample P2). 

extracted carotenoids. The lycopene contents of all carotenoids were the lowest in the cases of 

extraction with n-hexane and ethanol, while the lycopene contents were higher by the mean of SFE 

as the followings: its concentrations were 73.8% and 83.2% of the all carotenoids at 40°C and 60°C, 

respectively. Ethanolic extracts contained more polaric xanthopyhll compounds, which are better 

soluble in polar solvents.  

Samples P3 and P4 origina

are well represented in the amounts of carotenoids and the lycopene that responsible for the intense 

red colour of tomato. The contents of carotenoids and lycopene are summarized in Figures 55a and 

55b. Comparing the amounts of carotenoids, sample P4 contained around ten times higher amounts 

of these compounds (obtained by hexane and scCO2 extraction) than sample P3. In the case of 

sample P4 the ethanolic extract had the highest amount of carotenoids (195.99 mg/100 g d.m.) as 

this polar solvent appropriately dissolves of polar compounds. This is thirty-seven times higher 

amount of carotenoids than in P3 sample. 
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Figure 55a. Carotenoid and lycopene 
contents in tomato pomace (sample P3). 

Figure 55b. Carotenoid and lycopene 
contents in tomato pomace (sample P4). 

The qualitative compositions of different extracts were similar. All extracts, except ethanolic 

extract, contained neolutein and lutein, α- and β-chryptoxanthins, lycoxanthins and γ- and β-

carotenes in small amounts. Lycopene was the main compound in the SFE extracts and the extract 

obtained by n-hexane, while the ethanolic extract contained high amount of polyoxi xanthophylls. It 

is easily observed that the lycopene contents of the extracts of P3 sample were much lower than 

those of the extracts of P4 sample. In sample P3 the percentages of lycopene in carotenoid rich 

products were between 14.6 and 29.5%, the highest lycopene content was determined in the 

ethanolic extract. The highest amount of recovered lycopene was 1.6 mg/100 g d.m. in ethanolic 

extract of P3. In sample P4 these percentages of lycopene were much higher, between 20.8 and 

90.1%, this highest percentage of recovery of lycopene (31.4 mg/100 g d.m.) was obtained by SFE 

at 460 bar and 80°C. In hexane extract the lycopene content (23.0 mg/100 g d.m.) was relatively 

high, 87.6% of the all extracted carotenoids, although the quality of extract is less valuable than 

scCO2 extract due to the toxic and carcinogenic solvent residual. Ethanolic extract contained mainly 

polar xanthopylls and the ratio of lycopene was the lowest, 20.8% of all the extracted carotenoids. 

For conclusion it can be pointed out that high amount of carotenoids only can be extracted from 

high quality tomato pomace extracted without storage. If storage is required, the deep-frozen 

storage is recommended. It was seen that highest amount of carotenoids can be
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extracted with ethanol, but the main valuable compound, lycopene is in less percentage in the 

ethanolic extracts than it is in scCO2 or hexane extracts. Traditional solvent extraction is not free 

from solvent residual, the extract obtained by n-hexane is not well recommended due to its 

carcinogenic character. Applying supercritical CO2 extraction high amount of lycopene can be 

obtained in residual free and undamaged form.   

4.4. Fatty acid compositions in tomato pomace extracts 

The fatty acid composition of tomato pomace extracts were revealed. The fatty acid compositions 

showed good agreement with the data found in the literature. The results are summarized in 

Appendix, Table XIII. The ethanolic and apolaric (n-hexane and scCO2) solvent extracts had similar 

fatty acid compositions, with main components of linoleic (45.1-51.6%), oleic (19.1-21.5%) and 

palmitic acids (16.6-23.5%). Minor compounds such as stearic acid (5.6-8.3%) and linolenic acid 

(3.2-4.1%) were also quantified. The extracts obtained with apolaric solvents contained palmitoleic 

acid (0.3%), arachidic acid (0.5-0.6%) and behenic acid (0.2%) in small amounts.  

4.5. Tocopherol contents in tomato pomace extracts 

Tomato pomace contains not only carotenoids in high amounts, but it also contains tocopherols and 

health preventive phytosterols. Tocopherols are mainly localised in the seeds those becomes side- or 

by-product during the tomato processing. My goal was to quantifiy these high valued compounds in 

the pomace extracts and to determine the effects of SFE parameters on the yield of tocopherols in 

the extracts. Four pomace samples were available; therefore the effect of storage and difference of 

tomato obtained from different sources was explained. 

4.5.1. Quantitative determination of tocopherols in pomace extracts 

Tocopherols due to their long side chain and aromatic rings are apolar soluble, therefore they are 

well soluble in n-hexane and supercritical CO2 solvents. The extraction yields of samples P1 and P2 

are summarized in Figure 56. The chromatograms of tocopherols found in tomato pomace (P4) can 

be seen in Appendix, Figures 17-19. 
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The tocopherols contents of sample P1 were 

relative similar extracted them with different 

solvents. Sample P2 contained similar 

amount of tocopherols except in the extract 

obtained with ethanol, in which twice as 

much tocopherols were recovered as from 

sample P1. The tocopherol fraction contained 

γ-, α- and β-tocopherols (Appendix, Table 

XIV.). The percentage of γ-tocopherol within 

the amount of all tocopherols was higher than 

50% in all the extracts. The highest 

percentage was obtained from Sample 1 by 

SFE, 80.6% of all tocopherols. The 

percentage of α-tocopherol was between 17.3 

and 45.5% of all tocopherols, the lowest was 

in supercritical extract of Sample 1, while the highest was in ethanolic extract of Sample 2. The 

percentage of β-tocopherol was between 1.9 and 3.5% of all tocopherols. Generally Sample P2 

contained α- and β-tocopherols in higher percentage while Sample P1 was richer in γ-tocopherols. 

As the origin of samples were same only the storage was different, therefore it can be concluded 

that with deep-frozen storage more α- and β-tocopherols can be protected and later extracted from 

the raw material. These compounds might have decomposed or rearranged due to the temperature 

and the oxidative environment. The extractable amount of γ-tocopherol was not affected with the 

condition of storage.  

Figure 56. Tocopherol contents in samples P1 
and P2. 

In Figure 57 the yields of tocopherol fractions are summarized obtained by different solvents from 

Samples P3 and P4. Similar amounts of tocopherols were obtained with n-hexane and scCO2 

solvents, while yields obtained with ethanol were the highest. Interesting fact, that with decrease in 

pressure of SFE the yield of tocopherols increased significantly. The quantified compounds were α-

, γ-, δ-tocopherols and γ-tocotrienol (Appendix, Table XV.). According to the different sources of 

the samples, the contents of tocopherols were differing. Sample P3 contained γ-tocopherol in the 

highest percentages (83.8 – 90% of all tocopherols) in the extracts, followed by α-tocopherol but 

only between 8.2 and 14.7% of tocopherols fractions. For contrary, Sample P4 contained α-

tocopherol compound in the highest percentages in all the extracted products. The lowest 

percentage of α-tocopherol was measured in ethanolic extract (68.4%), while scCO2 extracts 
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contained it between 70 and 73% of all 

tocopherols. The composition of γ-

tocopherol were between 24.8 and 28.8% 

in the solvent extracts. P3 sample similar 

to P4 sample contained relatively low 

amount of δ-tocopherol, between 1.5 and 

1.83% in Sample P3 and between 1.9 and 

2.7% in Sample P4. Only Sample P4 

contained γ-tocotrienol in extracts 

obtained with n-hexane and scCO2 

between 0.22 and 0.89% of all 

tocopherols. The quantification of 

tocopherols and also carotenoids shows 

the obvious differences between sample 

P3 and P4. Probably Sample P4 contained 

tomato seed in smaller percentage and also 

this better quality sample contained carotenoids in higher amount then Sample P3. The seed oil of 

Sample P3 contains mainly γ-tocopherol, which is higher than that is in the oil of Sample P4, but 

this product contained higher amounts of α-tocopherol and carotenoids, therefore these products 

might have had better health-preventive properties.  

Figure 57. Tocopherol contents in tomato 
pomace samples P3 and P4. 

4.5.2. Effects of SFE parameters on yield of tocopherols  

Similarly to the previous investigations, 

the effects of the supercritical fluid 

extraction (SFE) parameters (pressure, 

temperature) on the yield of tocopherols 

in the extracts of Sample P4 by applying 

a 32 full factorial design with three 

repeated tests in the center of the design 

was carried out. In Pareto chart (Figure 

58) the effects of linear and quadratic 

terms of pressure [p] and temperature 

[T], and their interactions can be seen. 

Pareto Chart of Standardized Effects; Variable: Tocopherol-P4
2 3-level factors, 11 Runs; MS Residual=1.763244
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Figure 58. Pareto diagram of effects of SFE 
parameters on tocopherol yield. 
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Among the examined effects only the linear terms of pressure and temperature were significant on 

95% significance level (P = 0.05) and the pressure showed slightly stronger effect on tocopherols 

yields in the extracts than the effect of temperature. The effect of the linear term of pressure was 

negative; therefore it stronger affected the tocopherol yield at lower pressure.  

The experimental results and a fitted three-dimensional surface can be seen in Figure 59. It can be 

observed that from Sample P4 the highest amount of tocopherol fraction (22.24 mg / 100 g dry 

material) was found in the extract obtained at 300 bar and 80°C. Therefore, for extraction of 

tocopherol rich products lower pressure and higher temperature are needed to set during the SFE 

process. On higher temperature slight decrease in pressure showed increasing in the amount of 

tocopherols. The effect of temperature is more significant at lower pressure.  

Fitted Surface; Variable: Tocopherol-P4
2 3-level factors, 11 Runs; MS Residual=1.763244

 22.9336 
 20.7589  
 18.8366  
 16.9143  
 14.992  
 13.0697 

 
Figure 59. Fitted surface on SFE of tocopherols from tomato pomace Sample P4. 

 

For conclusion it can be stated that tocopherols can be extracted with high efficiency by 

supercritical CO2 extraction. These oil soluble compounds can be dissolved even at 300 bar and at 

higher temperatures. The constituent of tocopherol fractions mainly depends on the quality of raw 

material. For comparison of different storage methods, it can be concluded that storing the tomato 

pomace by deep-freezing more highly valued compounds can be prevented, those extracts contained 

carotenoids and α-tocopherols in higher amounts than those obtained from the sample stored in 

dried form. 
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4.6. Determination of antioxidant activities 

In this chapter, the marjoram herb antioxidant properties are summarized in comparison of 6 

samples with different origins and their antioxidant activities obtained by different methods in 

different systems. My aim was to compare at least two different originated marjoram herbs that 

possessed significantly different antioxidant activity. Therefore, the antioxidant properties of the 

herbs were revealed in aqueous systems with short preparation time. The hydrogen-donating ability 

with 1,1-diphenyl-2-picrylhydrazyl by spectrophotometric and the total scavenger capacity by 

chemiluminometric method from aqueous extracts of the six marjoram herbs were measured firstly. 

After the one that possessed the strongest antioxidant capacity was chosen with the aim of 

comparing it to Sample M1 in lipophilic system and to quantify the main antioxidant phenolic and 

triterpenoid compounds (ursolic acid, carnosic acid, carnosol and rosmarinic acid) in the herbs and 

the extracts.  

4.6.1. Antioxidant activity in aqueous systems – comparison of six samples 

The results obtained by chemiluminescence method in the H2O2/OH•-luminol-microperoxidase 

system are summarized in Table 10.  

Table 10. Total scavenger capacity of marjoram herbs 

Chemiluminescence Intensity (RLU%)* Sample 
conc. 

(w/w, %) M1 M2 M3 M4 M5 M6 

0.008 100 100 100 100 100 100 
0.018 100 100 100 100 100 100 
0.028 100 70.0±31.9 6.5±8.3 0.6±0.1 1.5±0.3 2.7±1.3 
0.04 53.6±20.1 1.7±0.3 0.2±0.1 0.2±0.1 0.2±0.1 0.07±0.02 

* mean ± standard deviation (n =3) 

The results well represent the strong scavenging activities of samples M4 and M5, while the others 

show significantly lower activities. The total scavenging capacity of sample M1 was less effective 

followed by M2 examined by chemiluminescence method. In the presence of free radical (DPPH), 

the hydrogen-donating abilities of the samples were mapped. The results are summarized in 

Appendix Table XVII. All the samples showed hydrogen-donating activities, although in different 

strengths. At lower concentration, the antioxidant activities were very low. At higher 

concentrations, M4 and M6 exhibited significantly stronger oxidative stabilities than the others did. 

The scavenging activities were strongly concentration dependent. 
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In Figure 60 the antioxidant activities of samples 

M1 and M4 are shown in the presence of free 

radical DPPH obtained by spectrophotometric 

method. Among the six samples, M4 possessed 

the strongest antioxidant properties, while M1 

had the slightest protective character examined in 

aqueous test systems. For comparison of 

antioxidant properties of marjoram samples in 

other test systems, the herb possessing the best 

antioxidant character must have been chosen. 

Therefore, due to the strong scavenger activity 

and the strong hydrogen-donating ability of 

sample M4, it was finally purchased and the 

solvent and scCO2 extracts were prepared for 

further examinations.  
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Figure 60. Hydrogen donating ability of 
aqueous extracts of marjoram.  

For further examinations the phytochemical compositions of samples M1 and M4 was determined 

and no significant differences could be seen within the concentrations of tannins, flavonoids, 

although the content of polyphenols of M4 was higher (Table 11).  

Table 11. Phytochemical composition of the marjoram herbs  
Concentration (w/w %)* 

 
M1 M4 

Flavonoids 0.538±0.0007 0.410±0.0012 
Tannins 6.454±0.0004 6.357±0.0008 

Polyphenols 11.665±0.0008 13.813±0.0006 
* - mean ± standard deviation (n = 5). 

4.6.2. Antioxidant activity in lipid systems: Rancimat method  

The antioxidant activities of oleoresins of M1 and M4 extracted with different solvents (ethanol, n-

hexane and supercritical CO2) were determined in lipid oxidation assay and compared to BHT, a 

synthetic antioxidant in different concentration ranges. The measured stabitiy times in the presences 

of SFE and ethanolic extracts of M1 and M4 marjoram samples can be found in Appendix, Table 

XVIII and in Figures 20, 21. The protection factors calculated from the stability times versus 

concentrations of the samples are summarized in Figure 61. It can be concluded that ethanolic 

extracts of both samples showed stronger antioxidant activities than the SFE extracts. The Egyptian 

(M4) marjoram possessed stronger antioxidant activity than the Hungarian one (M1). The ethanolic 
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extracts of Hungarian sample and the 

supercritical CO2 extracts of Egyptian sample 

have almost similar antioxidant activities in 

lipid system. The protection factors of BHT 

in 0.01 and 0.1 % concentrations were 1.14 

and 1.42 respectively. The ethanolic extracts 

exhibited comparable antioxidant power as 

BHT in 0.1% concentration. As BHT is 

carcinogen in rats, it has dosage limit (0.01%) 

in foodstuffs (137). Regarding to this same 

antioxidant activity with BHT can be 

achieved only using it higher and health-

damaging concentrations as the same 

antioxidant activity can be proved with 

natural ethanolic extracts from marjoram.  
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Figure 61. Comparison of protection factors of the 
ethanol (SE) and supercritical CO2 extracts (SFE) of 
samples M1 and M4 obtained by Rancimat method. 

4.6.3. Qualification and quantification of antioxidant compounds in marjoram 
extracts 

Ursolic acid (UA), carnosic acid (CA) and carnosol (C) compounds were determined by HPLC 

method in the two marjoram species (samples M1 and M4), the conventional solvent extracts and 

the extracts obtained by SFE. The quantification of ursolic acid and carnosol can be found in Table 

12. The concentrations and yields of UA and C of marjoram sample M4 can be found in Appendix, 

Table XIX. The chromatograms of UA and C of marjoram samples M1 and M4 can be found in 

Appendix, Figures 22-33. 

Table 12. Extraction yields and concentrations of antioxidant compounds in marjoram herb and 
extracts 

 Extraction yield 
(%, g/100 g d.m.) 

Ursolic acid  
(%, w/w) 

Carnosol  
(%, w/w) 

Raw material M1 - 0.971 0.073 
SE M1 - ethanol 13.35 4.304 0.080 
SE M1 - hexane 5.00 2.108 0.535 

SFE M1* 3.76 0.103 0.492 
Raw material M4 - 0.708 0.056 
SE M4 - ethanol 28.99 2.315 0.032 
SE M4 - hexane 7.03 4.043 0.193 

SFE M4* 5.39 0.191 0.250 
* Supercritical CO2 extraction was carried out at 450 bar and 50°C. 
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In highest amount UA was found in the herb as well as in the extracts among the identified 

antioxidant compounds. The highest concentration of this triterpenoid can be obtained with ethanol. 

In the samples the amount of carnosol is relatively high. The carnosol is better soluble in apolar 

solvent, exp. n-hexane and scCO2, although only 24 - 37 % of C of raw material was extracted. The 

highly sensitive CA was under the detection level (< 0.001 %) in all extracts that might have been 

caused by the low level of CA of herbs and also the possible quick degradation of the molecule after 

extraction.  

In the case of sample M1 the quantification of UA, C and CA compounds was investigated in 

scCO2 extracts obtained at different ranges of extraction temperatures and pressures. The data are 

summarized in Appendix, Table XX. Ursolic acid was relatively low soluble in scCO2 solvent, the 

highest amount of UA was found in extract obtained at 400 bar and 40°C, 81.58 mg/100 g d.m., 

which is 8.4% of the UA in the raw material. At low pressure (100 bar) 1% UA was measured in the 

extract, the amount of UA increased with pressure. With extraction at 250 bar and 50°C 71.42 mg/ 

100 g d.m. UA was quantified in the extract. In all extracts obtained at 60°C the amounts of UA 

were lower than that of obtained at lower temperature. Carnosol, the diterpene phenol was more 

soluble in apolar solvents, with ethanol only ∼15 % of C could be extracted, while with n-hexane or 

scCO2 twice amount of carnosol was determined. The highest amount of C was obtained at 450 bar 

and 50°C, 18.53 mg/100 g d.m., respectively. At low pressure no C was obtained, increasing the 

pressure and at higher pressure increasing the temperature relatively high amount of C was 

obtained.  

The changes of the extractable amount of triterpenoid and diterpene phenol compounds in the 

extracts in the term of time / or 

consumed scCO2 solvent were 

investigated. The changes in 

concentrations in 1st and 2nd separators 

were followed as it can be seen in 

Figure 62. Fractionated extraction was 

carried out at 450 bar and 50°C with 

two separators in series. The pressure of 

1st separator was kept at 80 bar, while 

that of in 2nd separator was 20 bar. 

Ursolic acid was found in bigger 

concentration in 2nd separator (0.82% 
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Figure 62. Concentrations changes of UA and C 
during SFE of marjoram. 
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UA) than in 1st separator (0.12% UA); while carnosol was concentrated in 1st separator (0.33%). At 

the beginning of extraction, high amount of UA was collected in the 2nd separator, afterwards this 

compound was found in 1st separator in decreasing concentration. Carnosol was mainly found in the 

1st separator, although after 100 min high amount of C was measured in 2nd separator. This 

phenomenon can be explained with that of polar, non-volatile free triterpene, ursolic acid is located 

in leaf cuticular, where the semivolatile organic compounds (SOCs) and linear alkanes are 

accumulated. At the beginning of the extraction this triterpene is extracted with volatile essential 

oils, SOCs and linear alkanes and could be collected from the 2nd separator. This shows also that 

ursolic acid is not strongly bounded compound in the raw material. However, carnosol was 

extracted decreasingly with increasing the extraction time. This diterpene might be bounded 

stronger, located the interior of the raw material. Due to the relative bigger amount of oxygene 

atoms that it contains it could be collected from the 1st separator.  

4.6.4. Effects of process parameters of supercritical CO2 extraction on the yield 
of carnosol 

The effects of the temperature (T) and pressure (p) of the extractor on the yield of C were examined 

by applying a 32 full factorial design with three repeated measurements in the centre. The three 

levels of temperature were 40, 50, and 60 °C, while those of the pressure were 100, 250 and 400 

bar. The dependent variable was the yield of C, expressed in mass ratio of C to the dry material (mg 

C / 100 g d.m.). The estimated effects of the terms are demonstrated in the form of Pareto chart 

(Figure 63). 

The vertical dashed line, titled P=0.05, gives 

the critical limit for significance level 

P=0.05. It is apparent that pressure had very 

strong effect on carnosol extraction, as the 

linear pressure [p] and quadratic pressure 

terms [p2] are significant. The effects of the 

other terms are not significant, because the 

values in the rows of these terms are under 

the critical limit of significance level. 

Pareto Chart of Standardized Effects; Variable: YIELD of C
2 3-level factors, 11 Runs; MS Residual=1.6582
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 Figure 63. Pareto chart of carnosol extraction 
from marjoram (sample M1). 
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The three-dimensional response-surface plot fitted to the experimental results is shown in Figure 64. 

Fitted Surface; Variable: YIELD of C
2 3-level factors, 11 Runs; MS Residual=1.6582

 15 
 10 
 5 

 
Figure 64. Three dimensional fitted surface of carnosol (mg/100 g dry material) in supercritical 

CO2 extracts of marjoram. 

It is seen that both the pressure and temperature of the extractor affect the yield of carnosol, 

although the effect of pressure is obviously stronger due to the more curving surface in the terms of 

pressure. This curved surface in the [p] variable reflects the quadratic pressure dependence, which 

gives an optimal pressure, but probably less optimal temperature within the experimental region. At 

higher pressure (p ≥ 300 bar) and at higher temperature, higher yield of C is produced, while at 

lower pressures (p ~ 100 bar) carnosol cannot be extracted. The perfect range of extraction 

temperature for C is higher than 55°C.  

In conclusion the Origanum majorana L. herbs and their extracts, whether are originating from 

Hungary (sample M1) or Egypt (sample M4), possess relatively strong antioxidant activities, which 

can significantly be measured by several methods. The phytochemical analysis showed slight 

differences between the examined herbs. Concerning the hydrogen donating abilities and the total 

scavenging capacities of aqueous solutions the Egyptian herb showed stronger antioxidant 

properties. It can be explained with the geographic differences. These secondary metabolites, like 

flavonoids, tannins and polyphenols are produced as self-defence compounds against radiation (e.g. 

UVA, UVB), microbes, viruses and other harming beings. Due to the higher numbers of sunny days
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 in Egypt, it might have caused this difference in the amounts of phenolic compounds between the 

plants, therefore the different antioxidant properties of the selected originated herbs. The products 

obtained by conventional solvent extraction and supercritical CO2 extraction still exhibited strong 

antioxidant activities that were significantly higher using polar solvent (ethanol) for extraction. 

Natural antioxidant compounds were quantified from the herbs and extracts, marjoram contained 

high amount of ursolic acid, carnosol while the highly labile carnosic acid was absent from the 

extracts. The amount of carnosol can be enhanced with the optimization of the extraction conditions 

(pressure and temperature). The usage of certain extractable compounds and / or the whole herb and 

its extracts are highly reasonable within food, cosmetic or pharmaceutical industries. 

4.7. Antimicrobial properties 

The antimicrobial properties of herbs rich in volatile oil and especially herbs in Lamiaceae family 

are well known since thousand years. Thyme and marjoram belong to Lamiaceae plant family and 

their essential oils possess strong antibacterial, antifungal and antiviral activities. The base of my 

experiments and research was set on the fact of that no available literature exists about these 

properties of the more chemically complex extracts obtained by SFE or alcoholic extraction. 

Therefore, antimicrobial tests were tried and applied to determine the antimicrobial activities of 

these above-mentioned extracts. In my results the comparisons of antimicrobial properties of 

essential oil, ethanolic and SFE extracts of thyme (sample K1) and marjoram (sample M1) are 

explained. At the beginning more herb extracts (marigold, yarrow, caraway, feverfew, rosemary) 

were studied also with the application of more tests, but these two Lamiaceae plants extracts 

showed the most significant antimicrobial properties so far. Thyme contained relatively high 

amount of essential oil (1.94%), therefore enough essential oil could be prepared by 

hydrodistillation for the antimicrobial experiments. For test microbes, mainly well-studied, easily 

maintained and less harmful microbes were chosen.  

4.7.1 Antifungal activities of thyme essential oil, ethanolic and scCO2 extracts 

The antifungal properties of thyme essential oil, ethanolic extract and scCO2 extract were compared 

in different concentrations (0.0025-1%, g extract / 100 ml medium). The essential oil (EO) was 

obtained by hydrodistillation, the ethanolic extract (SE) was obtained by pilot plant Soxhlet 

extraction using 96% ethanol, the supercritical extract (SFE) was obtained at 400 bar and 60°C 

temperature. The results are summarized in Table 13. 
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The strongest antifungal activities were determined in the presence of thyme essential oil, applying 

it at 0.025% concentration against three test fungi total inhibitions were revealed, even at 0.015 g 

essential oil in 100 ml medium strongly inhibited the fungi strains, between 74 – 91% inhibitions. 

In the lowest applied concentration (0.0025%) only the growth of A. niger was slightly inhibited. In 

the presence of scCO2 extracts, the obtained minimal inhibitory concentration was 0.04%. 

Decreasing the concentration still strong inhibitory effects were determined at 0.025% the 

inhibitions were between 69 – 90%, while at the lowest applied concentration (0.005%) thyme SFE 

extract showed no inhibition against T. viride, although slight inhibitions were obtained against A. 

niger (5%) and P. cyclopium (9%). Ethanolic extracts showed total inhibitions against the tested 

fungi only at high concentration (1%), with decreasing the concentrations slight inhibitory effects 

were measured.  

Table 13. Antifungal activities of thyme essential oil, ethanolic and scCO2 extracts  
(inhibition %) 

Samples Conc. 
(%) 

Aspergillus 
niger 

Trichoderma 
viride 

Penicillium 
cyclopium 

1 100 100 100 
0.75 10.37±6.12 4.45±1.11 15.04±10.51 SE 
0.5 8.89±5.09 0 8.13±6.25 
0.5 100 100 100 
0.4 100 100 100 
0.25 100 100 100 
0.05 100 100 100 
0.025 100 100 100 
0.015 86.67±2.55 91.12±0 73.58±3.52 
0.005 27.59±0.72 0.37±0.64 26.02±1.41 

EO 

0.0025 1.48±2.57 0 0 
0.5 100 100 100 
0.25 100 100 100 
0.05 100 100 100 
0.04 100 100 100 
0.025 78.15±3.26 90.37±0.64 69.11±8.30 
0.01 22.22±7.22 7.96±0.32 25.61±5.59 

SFE 

0.005 4.81±2.31 0 8.94±1.41 
The values are mean ± standard deviation (n = 3) 

 

In Figure 65 growth curves can be seen, which represent the determined diameters of growing zones 

in the terms of days. P. cyclopium grows relatively slowly; therefore, the control slope is less 

curved. The inhibitory effect of ethanol (applied in 5%) can be observed on the curve of alcoholic 

control.  
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Figure 65. Antifungal effects of thyme essential oil (EO), ethanolic Soxhlet extracts (SE) and 

supercritical CO2 extracts (SFE) on P. cyclopium. 
 

It can be well seen that the curves of the ethanolic extracts (0.5-0.75% SE) represent very slight 

inhibition on fungal growth. The curve of essential oil used in low concentration (0.005 % EO) and 

the curve of SFE extract (0.01% SFE) show similar inhibition activities, in both cases the fungal 

growth started only on the 5th day. The inhibition observed on the final day (17th) was 25.6 and 

26%, respectively. Strong inhibitory effects were observed in the presences of SFE extract in 

0.025% (69% inhibitory) and EO in 0.015% concentrations (74% inhibitory), although the fungal 

growth was longer inhibited by thyme essential oil, until the 12th day of growing. The photos taken 

during the experiments can be found in Appendix, Figures 34-42. 

4.7.2 Antibacterial properties of thyme essential oil and extracts 

The antibacterial properties of thyme essential oil, ethanolic extract and scCO2 extract were 

compared in different concentrations (0.01-0.4%, g extract / 100 ml medium). The results are 

summarized in Table 14. 
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Table 14. Antibacterial inhibitions (%) of thyme essential oil (EO), ethanolic extract (SE) and 
scCO2 extract (SFE) 

Samples Conc. 
(%) 

Escherichia 
coli 

Pseudomonas 
fluorescens 

Bacillus 
cereus 

0.4 40.52±2.88 12.16±1.92 16.93±1.28 SE 0.2 28.24±7.49 9.83±7.90 14.12±0.77 
0.2 100 100 100 
0.1 100 100 100 
0.02 70.11±23.24 20.64±3.23 41.51±7.20 EO 

0.01 23.57±5.09 7.59±6.46 9.83±2.05 
0.4 100 100 100 
0.2 100 100 100 
0.1 100 78.13±0.61 100 
0.02 25.21±4.24 0 47.80±4.96 

SFE 

0.01 0 0 0 
The values are mean ± standard deviation (n = 3) 

 

Against Gram negative and positive bacterial strains, again thyme essential oil was the most 

efficient. The minimal lethal concentration of thyme essential oil was 0.1%, where the bacterial 

growth was totally inhibited. Decreasing the concentration the inhibition properties of EO were 

established between wide ranges. The most sensitive bacteria was E. coli, of which growth was 

inhibited by 24% in the presence of EO in 0.01% concentration. The less sensitive bacteria was the 

Gram negative P. fluorescens, the thyme EO was able to inhibit slightly (21%) in the applied 0.02% 

concentration. The scCO2 thyme extract showed almost the same strong inhibitory effects on 

bacterial growth as the essential oil. In 0.1% concentration E. coli and B. cereus were totally 

inhibited, while the inhibition activity of SFE was 78% against P. fluorescens. Decreasing the 

applied concentration (at 0.02%) the inhibitory effects of thyme SFE decreased, against B. cereus 

48% inhibition, while against E. coli only slight, 25% inhibitory were observed. The ethanolic 

Soxhlet extracts showed slight inhibitions in all the applied concentrations (0.2-0.4%). The most 

sensitive bacteria among the examined ones in the presence of SE was E. coli, while the less 

sensitive one was P. fluorescens.  

In Figure 66 the antibacterial activities of thyme EO, SE and SFE can be seen in the presence of 

Bacillus cereus Gram positive bacteria. The growing curves of control and alcoholic control were 

characteristic and well representative for bacterial growth.  
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Figure 66. Antibacterial inhibitions of thyme essential oil (EO), ethanolic Soxhlet extracts (SE) and 

supercritical CO2 extracts (SFE) on B. cereus. 

The presence of 2% of ethanol in alcoholic control did not inhibit the growth significantly. The 

delay caused in the growing can be observed in the presences of different thyme extracts. No 

inhibition can be seen in the presence of ethanolic extract in the applied 0.2% concentration, while 

slight inhibitory effects are observed in the presence of 0.4% of ethanolic extract and 0.01% of 

essential oil. Essential oil and supercritical extract in 0.02% concentration showed almost the same 

inhibitory effects, 42 and 48%, respectively. Total inhibitions were observed in the presences of 

thyme essential oil (see Table 14) and supercritical extract in 0.1% concentration. 

4.7.3. Antifungal activities of marjoram SFE and ethanolic extracts 

The marjoram essential oil content was only 0.78% and the amount of raw material was 

insufficient, therefore its essential oil was not investigated in this experiment. Also previously 

several publications revealed the antimicrobial activity of marjoram essential oil. Deans and 

Svoboda (63) noted that the essential oil of marjoram had stronger antifungal than antimicrobial 

properties. Against E. coli and other public health significance bacteria the oil was less effective. 

However, the essential oil at the concentration of 1 µl/ml inhibited the tested fungal strains as A. 

niger and T. viride. Regarding to the results of Baratta et al. (64) marjoram essential oil possessed 

with similar chemovariety showed strong antimicrobial activity at the concentration of 100 µl/ml 

against food poisoning, and - spoilage organisms and organisms of faecal origin such as E. coli. The 
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essential oil inhibited the growth of the common spoilage fungus A. niger at the concentration of 

1µl/ml broth with 91.5% inhibition effect. According to Daferera et al. (55) the marjoram essential 

oil totally inhibited the mycelial growth of Penicillium digitatum fungus at the concentration of 400 

µl/ml, however the essential oil belonged to thymol/carvacrol chemotype. The antibacterial activity 

of Tunis marjoram essential oil was revealed by Ezzedine et al. (58). The minimal bactericidal 

concentration of marjoram oil was 1/16 (V/V) against E. coli determined by agar diffusion method.  

Inhibition activities of ethanolic extract (SE) obtained in pilot plant Soxhlet apparatus and SFE 

extract obtained at 450 bar and 50°C were investigated in a wide range of concentrations (0.05 – 

2.5%, g extract/100 ml medium). The samples showed similar but different degrees of inhibition 

effect on the growth of the three mycelial fungi. In the applied concentration of marjoram Soxhlet 

extract (2.5%) visible fungi growth was observed in the presences of all the examined fungi. On the 

other hand, the marjoram SFE extracts in different concentrations (0.25 – 0.5%) had significant 

inhibitory effect on fungi growth. The obtained inhibition activities of the marjoram extracts can be 

found in Table 15.  

Table 15. The inhibitory activities of marjoram extracts against three fungi in comparison with the 
control of ethanol  

  Inhibitory effect*(%) against test organisms 

Extracts Conc. 
(w/v%) Aspergillus niger Trichoderma 

viride 
Penicillium 
cyclopium 

SE 2.5 19.3±12.5 0 39.8±4.3 
0.5 100 100 100 
0.4 100 44.6±4 100 
0.25 84.1±0.6 7.2±12.5 63.2±2.3 
0.15 10.7±6.9 - - 

SFE 

0.05 4.6±5.2 0 23.0±7.1 
∗The values are mean ± standard deviation (n = 3) 

 

According to the results determined by measuring of the radial growth and obtained the growth 

curves of Aspergillus niger filamentous mould on plates, the strongest inhibition activity was 

observed in the presence of SFE extract, while slightly inhibition effect (19% inhibition) was found 

in the presence of 2.5% of Soxhlet extract. The inhibitory activities of marjoram supercritical 

extracts can be seen in Figure 67. The photos taken during the experiments can be found in 

Appendix, Figures 34-42. 
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Figure 67. Antifungal activities of marjoram SFE extracts against Aspergillus niger. 

In the presence of 0.25% of SFE extract no fungi mycelia was found until the 10th day of growing. 

Later the fungi started to grow but with less activity (84% inhibition) in comparison with the 

alcoholic or pure control. The inhibitions of the SFE extracts at the concentrations of 0.05% and 

0.15% were only 5% and 11%, respectively in comparison with the alcoholic control by the 13th 

day.  

In experiments carried out with Trichoderma viride the Soxhlet extract (2.5%) had no inhibition 

effect on fungi growth. In comparison, applying 0.5% of SFE extract total absence of fungi mycelia 

was observed. Decreasing the concentration of SFE extract (0.4, 0.25 and 0.05%) milder inhibitions 

were revealed. In the presence of 0.4% of SFE extract 45% inhibition activity, while in the case of 

0.25% of marjoram SFE extract only 7% inhibition activity was observed, respectively. The 0.05% 

of SFE extract had no effect on the growth of T. viride.  

Penicillium cyclopium showed slightly sensitive growing in the presence of 2.5% of Soxhlet extract 

the inhibition was 40%. However, the fungi were totally inhibited by 0.4% of marjoram SFE 

extract. Decrease the concentration of SFE extracts less inhibition activities were observed. 

Marjoram SFE extract in 0.25% had 63% inhibition activity while 0.05% of SFE extract had 

slightly effect (23% inhibition) on fungal growth, respectively. In the presence of SFE extracts the 

fungus showed moderated growing, which concluded significant inhibitory activities due to the 

small deviations. 
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4.7.4. Antibacterial properties of marjoram extracts 

The growth curves of the microorganisms were recorded following the bacteria growth in the time. 

The turbidity was taken as an indicator of bacterial density. In every case the growth curves were 

compared with those obtained in a medium without herb extracts, but contained ethanol (2v/v %). 

The inhibitory effects of marjoram alcoholic Soxhlet extracts (SE) and SFE extracts in comparison 

with alcoholic control at the 27 hours growth are summarized in Table 16.  

Table 16. The inhibitory activities of the alcoholic marjoram mixtures (m/v%) against three 
bacteria in comparison with control of ethanol  

  Inhibitory effect* (%) against test organisms 

Extracts Conc. 
(w/v%) Escherichia coli Pseudomonas 

fluorescens Bacillus cereus 

SE 0.4% 
0.2% 

21.5±0.3 
18.6±3.4 

56.6±16.4 
32.6±18.6 

76.9±7.9 
52.2±1.7 

0.4% 96.4±6.3 98.8±2.1 98.1±1.7 SFE 0.2% 85.7±12.9 97.4±3.1 93.3±4.2 
* The values are mean ± standard deviation (n = 3) 

Generally, SFE extracts showed stronger inhibition effects against the tested bacteria strains than 

the Soxhlet extracts. In the tests carried out against public health significance as Escherichia coli 

the Soxhlet extracts had slight significant inhibition effects although the SFE extracts seemed to be 

highly efficient against this bacteria in both applied concentrations (Figure 68).  
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Figure 68. Antibacterial activities of marjoram extracts obtained by ethanolic Soxhlet extraction 
and SFE against Escherichia coli. 

 

Among the examined bacteria, Pseudomonas fluorescens showed sensitiveness in the presences of 

SFE extracts. In both concentrations, strong inhibitions (> 95%) were observed. The Soxhlet 

extracts slightly inhibited the growing of this food borne bacteria. 

In the tests against B. cereus food pathogenic bacteria, strong inhibitions were observed in the 

presences of 0.2% and 0.4% SFE extracts. The inhibition activities of ethanolic Soxhlet extracts 

were significantly higher than 50%, as 52% and 77% were measured respectively. The photo taken 

during antibacterial test can be found in Appendix, Figure 45. 

 

The results of antimicrobial tests indicated that both thyme and marjoram extracts possess 

antimicrobial activities, which depend on the applied concentrations, and the applied extract. 

Comparing the antifungal activities of thyme essential oil, ethanolic and scCO2 extracts, the most 

efficient was the essential oil, which showed total inhibition on the growth of filamentous fungi in 

0.025% concentration. For obtaining total fungal inhibition against the tested fungi scCO2 extract is 

also highly efficient in 0.04% concentration, while in 0.025% concentration the observed 

inhibitions were significant, higher than 69%. Against Gram negative and positive bacterial strains 

almost total inhibitions were determined in the presences of thyme essential oil and scCO2 extract in 
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0.1% concentration, except one case of SFE extract that showed 78% inhibitory effect against the 

least sensitive P. fluorescens.  

In additional the antimicrobial properties of marjoram scCO  and ethanolic extracts were compared 

too. Generally, the scCO2 extract showed more significant inhibitory effects on the growth of 

microbes. Marjoram scCO2 extract in 0.4% concentration showed total inhibition against 

filamentous fungi, except against T. viride, which showed strong insensitiveness against these 

extracts through the tests. This extract showed slight inhibition on growing of A. niger in the 

applied 0.05% smallest concentration. Against bacteria, marjoram scCO2 and ethanolic extracts 

possessed significant inhibitory effects, especially in higher concentration (0.4%). B. cereus the 

Gram positive bacteria was the most sensitive, therefore in the presence of ethanolic marjoram 

extract (in 0.4%) 77% inhibition effect was measured. The marjoram scCO2 extract showed 

stronger than 86% inhibition against all the three tested bacteria in the smallest applied 

concentration (0.2%).  

2

Comparison of antifungal properties of thyme and marjoram ethanolic and scCO2 extracts, it can be 

concluded that thyme showed much stronger inhibition effects against the tested fungi. Total fungal 

growth inhibition was observed in the presence of 0.04% of thyme SFE extract, while for resulting 

the same from marjoram ten times more extract was needed, therefore the minimal inhibition 

concentration was 0.4%. According to the antibacterial properties of marjoram and thyme extracts, 

the differences were the same like among in antifungal properties. Thyme scCO2 extract showed 

total bacterial growth inhibition against the three tested bacteria in the applied 0.2% concentration, 

while these inhibitions were strong, but only higher than 85% in the presence of marjoram scCO2 

extract. Surprisingly marjoram ethanolic extract possessed stronger inhibitory activities against P. 

fluorescens and B. cereus than thyme ethanolic extract.  
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Conclusions 
Different extraction methods carried out with different solvents, in laboratory and pilot-plants were 

compared according to the yields, the effects of process parameters and the compositions of extracts 

within the three test plants, marjoram, thyme and tomato pomace. 

 

Two different originated marjoram (Origanum majorana L.) herbs (Hungarian and Egyptian) were 

compared. Small amounts of essential oils and higher amounts of solvent extracts were obtained 

with n-hexane and ethanol, respectively. Pilot plant extractions were carried out with 96% ethanol 

and supercritical CO2 solvents in 5 L extractors. Due to the less soluble properties of scCO2 smaller 

amounts of dark green, highly viscous extracts were obtained at 450 bar pressure and 50°C 

temperature. Ethanol has better solvent power, therefore high amounts of extracts were produced in 

comparison of the extracts obtained with scCO2 and n-hexane. The effects of SFE parameters 

(temperature and pressure) on the yield of Hungarian marjoram were revealed. Applying a 32 

factorial design the experimental results revealed that the linear and quadric terms of pressure and 

the relation between temperature and pressure terms were highly significant on 95% significance 

level. The highest yield (3.8 g/ 100 g d.m.) was obtained at 400 bar and 60°C. Fractionated 

separation was carried out at 450 bar and 50°C extractor parameters with two separators in series. In 

the first separator higher molecule weighted compounds, pigments, di-, tri-, tetra-terpenes, fatty 

acids and oils were collected, while the volatile compounds and linear alkanes, waxes were 

separated into the second separator. The essential oil compositions of Hungarian and Egyptian 

samples showed similarities. The main compounds were terpinen-4-ol and γ-terpinene, while in 

comparison of minor compounds slight differences were revealed. The extracts obtained by SFE 

and traditional solvent extraction contained the characteristic scented cis-sabinene-hydrate in small 

amounts, while palmitic-acid was found in relatively high amounts. Pigments as chlorophyll-a and –

b and their off products pheophytin-a, and –b, while among the carotenoids lutein and β-carotene 

were quantified in the marjoram extracts. The extracts contained lower amounts of chlorophylls, 

while relative high amounts of pheophytins due to the longer storage or degradation of raw material. 

Carotenoids were revealed at similar amounts in the extracts of apolar and polar solvents. Among 

the examined process parameters, the effect of pressure was highly significant on the yields of 

carotenoids and green pigments. The antioxidant properties of marjoram herb and extracts were 

revealed in in vitro tests in apolar and polar systems. In comparison of two herbs, the Egyptian herb 

had better properties and to compare the methods the ethanolic extracts possessed better antioxidant 

activities, which were comparable to synthetic antioxidant (BHT). Diterpene carnosol and 
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triterpenoid ursolic acid as well-known antioxidant compounds were identified in the herbs and the 

extracts. The ethanolic extracts contained ursolic acid in higher amounts, while the carnosol was 

presented in higher amounts in apolar extracts. The antimicrobial properties of marjoram ethanolic 

and SFE extracts were mapped against food-poisoning fungi and bacteria strains. The SFE extracts 

showed strong inhibitory activities (minimal inhibitory concentration, MIC = 0.4-0.5 g extract/ 100 

ml nutrient) against Trichoderma viride, Aspergillus niger, and Penicillium cyclopium. The effects 

on bacterial growth were revealed in the presences of marjoram extracts in different concentrations 

against Escherichia coli, Pseudomonas fluorescens and Bacillus cereus. The SFE extracts showed 

stronger activities than the ethanolic extracts, applying it in 0.4% concentration the inhibition were 

higher than 85%.  

From thyme (Thymus vulgaris L.) herb relatively high amount of essential oil was hydro-distilled, 

while by traditional solvent extractions using ethanol almost ten times higher amount of extract was 

obtained than with n-hexane. Strongly scented, brownish-green waxy extract was produced by SFE 

at 400 bar and 60°C with higher yield than n-hexane extraction. For comparison of the effects of 

process parameters on the yield, a 32 factorial design was applied, where the linear and quadric 

terms of pressure, the linear term of temperature and the relation between temperature and pressure 

terms were found to be significant on 95% significance level. According to the bigger characteristic 

particle size of thyme two times higher amount of scCO2 solvent needed for overall extraction than 

that of marjoram SFE. The microbial properties of thyme essential oil, ethanolic and SFE extracts 

were compared. In the tests against T. viride, A. niger, and P. cyclopium essential oil showed the 

stronger inhibition activity in 0.025 g essential/100 ml medium total inhibitions were observed. 

Total inhibitions were measured against the three test fungi in the presences of 0.04% SFE and 1% 

ethanolic extracts. In the antibacterial tests against E. coli, P. fluorescens and B. cereus the minimal 

inhibitory concentration (MIC) were revealed. The MICs of essential oil was 0.1% against the three 

bacteria, while the MIC of SFE extracts were 0.1% except against P. fluorescens, there 0.2% was 

needed for total inhibition. Only 12-40% inhibition activities were observed in the presence of 0.4% 

ethanolic extracts. 

From the industrial waste, tomato pomace four samples were examined in points of the effect of 

storage, the effects the applied solvents, the effects of process parameters on yields and the qualities 

of the products. The extraction yields were obtained within wide ranges, however smaller amounts 

of extracts were measured with apolar solvents from better quality raw material, while with ethanol 

high amounts of highly viscous dark-red coloured products were extracted. Among the examined 

process parameters of SFE, only the temperature had significant effect on the yield on 95% 

significance level. The highest amount of extract was obtained at 460 bar and 80°C without the 
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degradation of the biological active compounds. The extracts were rich in carotenoids, the main 

compound was the health-preventive, highly valued lycopene. In the sample stored in the deep-

frozen the amount of carotenoids was ten times higher than that of in the air-dried and stored 

sample. The lycopene was found in higher amounts in the apolar extracts (n-hexane and scCO2). 

The yield of lycopene was increased with increasing the temperature and pressure of SFE. The 

extract obtained at 460 bar and 80°C contained the lycopene in the highest concentration (90.1%). 

The fatty acid compositions of tomato pomace extracts were similar, the main compounds were 

linoleic (45.1-51.6%), oleic (19.1-21.5%) and palmitic acids (16.6-23.5%). Minor compounds such 

as stearic acid (5.6-8.3%) and linolenic acid (3.2-4.1%) were also quantified. The amount of 

tocopherols in the extracts were almost similar, relative high amounts were recovered in the extracts 

obtained with apolar solvents. The highest tocopherol content was achieved by SFE at 300 bar and 

80°C. The effects of linear terms of pressure and temperature were significant on the yield of 

tocopherols, however the effect of pressure was negative, therefore the lower pressure increased the 

amount of tocopherols in the extracts. The types of tocopherols were found with big differences. 

The deep-frozen stored samples contained more α- and β-tocopherols than dried stored samples, the 

deep-frozen storage prevented better those compounds. It can be concluded that from an industrial 

waste, tomato pomace high valued product can be obtained by SFE at higher pressure and 

temperature, which contains high amount of lycopene and tocopherols.  
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Appendix  I. Abbreviations and notation 

I. Abbreviations and notation 
ρ   density (kg/m3); 
ρC   critical density (kg/m3); 
ρR   reduced density (kg/m3); 
ε   dielectric constant; 
λ   thermal conductivity (W/mK); 
η   viscosity (µP); 
ηC   critical viscosity (µP); 
ηR   reduced viscosity (µP); 
φ    fugacity coefficient; 
a   surface area (m2); 
ANOVA  analysis of variances; 
BHA   butylated hydroxyanisole; 
BHT   butylated hydroxytoluene; 
c   molar concentration (mol/mol); 
C   carnosol; 
CA   carnosic acid; 
D   diffusivity (m2/s); 
De   diffusivity in the film of particle (m2/s); 
d. m.   dry material; 
dF   degrees of freedom; 
DPPH   1,1-diphenyl-2-picrylhydrazyl; 
EO   essential oil; 
EOS   equilibrium of state; 
F   F test value; 
FID   flame ionization detector; 
GC   gas chromatography; 
GC-MS  gas chromatography-mass spectroscopy; 
HD   hydrodistillation; 
HPLC   high-performance liquid chromatography; 
i.d.   inner diameter (mm); 
J   diffusion flux; 
k   velocity or mass transfer coefficient (1/s); 
K   partition constant; 
KT   isothermal compressibility; 
L   bed length (m); 
LDL   low density lipid; 
m0   mass solid at the beginning (kg); 
ms   mass solid (kg); 
MS   mean square; 
MSs   mass spectrums; 
n   distribution index; 
NIST   National Institute of Standards and Technology; 
p   pressure (bar); 
pC   critical pressure (bar); 
pR   reduced pressure (bar); 
ps   sublimation pressure (bar); 
P   significance level; 
PAHs   polyaromatic hydrocarbons; 
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PCBs   polychlorinated biphenyls; 
PDA   potato-dextrose agar; 
PF   protection factor; 
PILOT-SOXH.alc pilot plant Soxhlet extraction with ethanol (96%); 
PTFE filter  polytetrafluoroethylene; 
q heat flux; 
rd rate of desorption ; 
R  gas constant; 
R   correlation coefficient; 
RLU   relative light unit; 
ROS   reactive oxygen species; 
RRBS   Rosin-Rammler-Sperling-Bennet distribution model; 
S   entropy (KJ/kgK); 
scCO2   supercritical carbon dioxide; 
SCF   supercritical fluid; 
SE   Soxhlet extraction with ethanol (96%); 
SFE   supercritical fluid extraction; 
SOCs   semi-volatile organic compounds; 
Soxh.alc  laboratory Soxhlet extraction with ethanol (96%); 
Soxh.hex  laboratory Soxhlet extraction with n-hexane; 
SS   sum of square; 
T   temperature (°C); 
TC    critical temperature (°C); 
TR    reduced temperature (°C); 
TBHQ   tert-butylhydroquinone; 
TLC   thin layer chromatography; 
UA   ursolic acid; 
UV/VIS  ultra violet and visible lights; 
x   particle size (mm); 
x concentration of soluble compound in the raw material (kg/kg); 
x0 concentration of soluble compound at the beginning of extraction (kg/kg); 
x0   characteristic particle size (mm); 
y solid solubility; 
Y   extracted yield (kg / kg d.m.); 
Y∞   overall or total extraction yield (kg/ kg d.m.); 
z   bed length (m). 
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III. Tables and figures 
 
Table I. Moisture content of herbs 

Abb. Plant material Moisture content (%, w/w) * 
M1 Marjoram 12.07±0.62 
M2 Marjoram 9.34±0.55 
M3 Marjoram 10.52±0.60 
M4 Marjoram 10.31±0.69 
M5 Marjoram 10.87±0.51 
M6 Marjoram 9.94±0.24 
K1 Thyme 8.91±0.15 
P1 Tomato 6.11±0.14 
P2 Tomato 6.77±0.05 
P3 Tomato 4.61±0.23 
P4 Tomato 10.69±0.29 

*mean ± standard deviation (n = 3) 

 

Table II. Characteristic particle size and the distribution indexes of herbs 
Abb. Particle size (x0, mm) * Distribution index (n) * 
M1 0.356±0.010 0.846±0.031 
M4 0.523±0.001 7.195±0.422 
K1 1.149±0.074 2.219±0.318 
P1 0.435±0.004 2.319±0.099 
P2 0.435±0.010 2.356±0.172 
P3 0.599±0.005 8.894±1.909 
P4 0.308±0.046 1.234±0.084 
*mean ± standard deviation (n = 3) 

 

Table III. Essential oil contents of herbs 
Abb. Yield of essential oil (%, w/w) 
M1 0.78 
M2 0.87 
M3 0.78 
M4 0.97 
M5 1.03 
M6 0.99 
K1 1.94 
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Table IV. Conventional Soxhlet extraction (SE) yields of herbs 

Abb. SE with n-hexane 
(g / 100 g dry material)* 

SE with ethanol (96%) 
(g / 100 g dry material)* 

Pilot plant SE with 
ethanol (96%) 

(g / 100 g dry material) 
M1 5.000±0.123 13.355±0.944 9.070 
M4 7.033±0.331 28.987±0.631 25.999 
K1 3.931±0.007 32.498±1.767 16.158 
P1 8.062 12.557 - 
P2 8.394 17.958 - 
P3 15.330±2.416 20.334±3.196 15.840 
P4 3.394±0.056 57.918±1.381 51.644 

* mean ± standard deviation (n = 3) 

 
Table V . Supercritical CO2 extraction yields of marjoram herbs (sample M1 and M4) 

Sample Run 
SFE 

Pressure 
(bar) 

Temperature
(°C) 

Yield 
(%) 

1 250 50 3.288 
2 400 50 3.597 
3 400 60 3.798 
4 250 60 3.363 
5 400 40 3.476 
6 250 50 3.313 
7 250 40 3.070 
8 100 40 1.911 
9 100 50 0.542 
10 100 60 0.495 
11 250 50 3.177 

M1 

12 250 50 3.199 
M4 17 450 50 5.392 

 
 
Table VI. Extraction yields at fractionated separation of M1 

Extractor Separators Run 
SFE Pe 

(bar) 
Te 

(°C) 
Psz1 

(bar) 
Psz2 

(bar) 

Yield 
(%) 

13 450 50 78 – 80 20 3.895 
14 450 50 40 20 3.762 
15 450 50 78 – 80 20 3.447 
16 450 50 78 – 80 20 3.647 
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Table VII. Supercritical CO2 extraction yields of thyme (sample K1) 

Run 
SFE 

Pressure 
(bar) 

Temperature
(°C) 

Yield 
(%) 

26 250 50 3.52 
27 400 40 2.60 
28 400 60 5.03 
29 250 50 3.93 
30 100 40 1.42 
31 100 60 0.36 
32 250 50 3.46 
33 100 50 0.55 
34 250 40 2.56 
35 250 60 3.40 
36 400 50 3.31 
37 400 50 3.14 
38 400 50 2.92 

 
Table VIII. Extraction yields of tomato pomace samples (P1-P4) 

Sample Run 
SFE 

Pressure 
(bar) 

Temperature
(°C) 

Yield 
(%) 

1 450 40 10.805 P1 2 450 40 10.834 
3 450 40 7.896 
4 450 40 7.851 
5 450 60 8.379 P2 

6 450 60 8.363 
9 380 60 14.778 P3 10 460 60 15.045 
11 380 60 3.224 
12 460 60 3.069 
13 300 60 2.705 
14 300 40 2.613 
15 380 60 3.066 
16 380 40 2.586 
17 460 40 2.675 
18 380 60 2.864 
19 460 80 3.856 
21 300 80 3.734 
22 380 60 2.884 

P4 

23 380 80 3.652 
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Table IX. Pigment compounds in marjoram (M1) extracts 

Chloro- 
phyll A 

Pheo-
phytin 

B 

β- 
carotene 

Lutein Run 
SFE 

Temp. 
(°C) 

Pressure 
(bar) 

(mg / 100 g dry material) 
8 40 100 0.22 0.42 0.11 0.13 
7 40 250 0.78 5.11 1.31 1.64 
5 40 400 1.11 14.20 3.80 3.67 
9 50 100 0.00 0.26 0.03 0.04 
1 50 250 0.79 4.76 1.98 1.82 
6 50 250 0.83 6.77 2.17 2.12 
11 50 250 0.67 4.80 2.10 1.73 
2 50 400 1.88 20.07 5.08 5.05 
16 50 450 2.72 32.38 6.06 5.67 
10 60 100 0.00 0.19 0.07 0.06 
4 60 250 0.86 7.91 1.37 1.55 
3 60 400 2.32 28.80 5.52 5.65 

16 Separator 1. 
16 Separator 2. 

2.71 
0.01 

31.99 
0.39 

6.06 
0.00 

5.64 
0.03 

SE with n-hexane 4.87 27.46 5.58 6.92 
SE with ethanol 6.02 196,33 9.49 9.54 
Pilot plant SE with ethanol 3.65 201.07 2.88 11.15 

 
 
Table X. Pigment constituents in tomato pomace (P1 and P2) 

Abb. Sample/ Xanthophyll 
(µg/g oil) 

Lycopene 
(µg/g oil) 

β – Carotene 
(µg/g oil) 

SFE* - 40˚C 94.80 109.61 37.86 
SE - ethanol 215.11 114.98 37.46 P1 
SE - hexane 185.13 207.40 52.57 
SFE* - 40˚C 500.46 2735.70 471.26 
SFE* - 60˚C 583.19 5529.73 535.38 
SE - ethanol 886.10 2056.31 300.44 P2 

SE - hexane 665.69 1742.62 339.35 
  *SFE experiments were carried out at 450 bar.  
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Table XI. Carotenoids and lycopene contents in tomato pomace extracts  
(samples P1 - P4) 

Abb. Samples* Yield of carotenoids 
(mg / 100 g d.m.) 

Yield of lycopene 
(mg / 100 g d.m.) 

SFE - 40˚C 2.621 1.186 
SE - ethanol 4.616 1.444 P1 
SE - hexane 3.588 1.672 
SFE - 40˚C 29.177 21.530 
SFE - 60˚C 55.646 46.284 
SE - ethanol 58.242 36.931 P2 

SE - hexane 23.053 14.621 
SFE 9 0.399 
SFE 10 0.481 
SE – ethanol 1.565 P3 

SE - hexane 

2.734 
2.648 
5.306 
3.541 0.613 

SFE 14 6.235 4.455 
SFE 16 13.139 11.159 
SFE 17 7.402 5.765 
SFE 13 10.265 8.594 
SFE 11 13.895 11.761 
SFE 12 19.298 15.440 
SFE 20 15.224 20.795 
SFE 23 17.552 15.203 
SFE 19 34.858 31.399 
SFE 15 14.058 11.709 
SFE 18 8.475 7.455 
SFE 22 15.005 13.082 
SE - ethanol 195.995 40.716 

P4 

SE - hexane 26.246 22.984 
  * The SFE extraction conditions are given in Table VIII.  
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Table XII. Carotenoids in tomato pomace (samples P3 and P4) 
Carotenoids (µg/g extracts) 

Abb. Samples* 

PoX     Lut N.Lut α-
KrX 

β-
KrX LKX Cis-

LKX LK NLK γ-Kr β-Kr Total

SFE 9              - 1 2 8 3 8 2 27 15 4 14 185
SFE 10             

             

- 2 2 xx 8 8 3 32 11 5 15 176
SE - ethanol - 1 2 xx 19 17 xx 77 6 11 34 261 P3 

SE - hexane - 6 7 2 12 10 4 40 23 12 37 231
SFE 11 - 17 67 37 42 86 58 3648 11 131 - 4310 
SFE 12             

             
             
             
             
             
             

             
             
             
             

- 17 144 50 43 154 67 5031 12 188 - 6288
SFE 13 - 10 36 30 29 68 30 3177 5 33 - 3795
SFE 14 - 9 49 20 47 31 64 1705 5 133 - 2386
SFE 15 - 10 40 25 39 76 54 3819 17 44 - 4585
SFE 16 - 11 57 28 31 92 56 4315 7 54 - 5081
SFE 17 - 13 54 15 28 55 36 2155 46 96 - 2767
SFE 18 - 7 26 9 23 62 10 2603 17 23 - 2959
SFE 19 - 11 38 41 45 161 73 8143 62 43 - 9040 
SFE 20 - 21 76 23 94 21 97 4748 27 53 - 5490
SFE 21 - 14 66 24 55 43 69 5569 36 21 - 6248
SFE 22 - 12 50 33 46 87 62 4536 36 49 - 5203
SFE 23 - 12 43 33 35 97 51 4163 38 30 - 4806

SE - ethanol 2465 - - - - - - 703 21 - - 3384 

P4 

SE - hexane - 16 56 36 98 164 53 6772 23 53 - 7733 
* The SFE extraction conditions are given in Table VIII. 
xx: < 1ppm 
-: no found 

Abbrevations of compounds: 
PoX.=polioxy xanthophylls    β-KrX.= β-kriptoxantin    NLK.= neolycopene 
Lut.= lutein      LKX.= lycoxantin      γ-Kr.= γ-carotene 
NLut.= neolutein     Cis-LKX.= cis-lycoxantine    β-Kr.= β-carotene 
α-KrX.= α-kriptoxantine    LK.= lycopene 
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Table XIII.  Fatty acid compositions of tomato pomace extracts from sample P4 
 Fatty acid compositions (%) 
 SFE 19 SFE 15 SE-hexane SE-ethanol 

C16 18.8 16.6 18.2 23.5 
C16:1 0.3 0.3 0.3 0.0 
C18 5.6 5.9 5.8 8.3 
C18:1 tr 0.0 0.0 0.0 0.0 
C18:1 20.5 21.5 20.3 19.1 
C18:2tr 0.0 0.0 0.0 0.0 
C18:2 50.4 51.6 50.6 45.1 
C18:3tr 0.0 0.0 0.0 0.0 
C18:3 3.8 3.2 4.1 4.0 
C20 0.5 0.6 0.5 0.0 
C20:1 0.1 0.1 0.0 0.0 
C22 0.0 0.2 0.2 0.0 
C22:1 0.0 0.0 0.0 0.0 
C24 0.0 0.0 0.0 0.0 
C24:1 0.0 0.0 0.0 0.0 
total: 100.0 100.0 100.0 100.0 

 
 
 
Table XIV. Tocopherol constituents in tomato pomace (P1 and P2) 

Abb. Samples α-Tocopherol 
(µg/g oil) 

β-Tocopherol 
(µg/g oil) 

γ-Tocopherol 
(µg/g oil) 

SFE* - 40˚C 66.05 7.50 307.32 
SE - ethanol 198.37 13.59 295.30 P1 
SE - hexane 131.88 14.49 361.05 
SFE* - 40˚C 151.98 18.72 358.45 
SFE* - 60˚C 206.91 19.41 382.50 
SE - ethanol 308.58 18.35 350.74 P2 

SE - hexane 132.60 13.73 290.77 
  *SFE experiments were carried out at 450 bar. 
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Table XV. Tocopherols  in tomato pomace (samples P3 and P4) 
Tocopherols and tocotrienols (µg/g extract) Samples* 

α-Tok γ-Tok γ-Tok3 δ-Tok Total 
SFE 9 95 1047 - 21 1163 
SFE 10 102 864 - 18 984 

SE – ethanol 137 781 - 14 932 P3 

SE – hexane 88 723 - 14 825 
SFE 11 3151 1237 10 107 4505 
SFE 12 2732 1150 17 94 3993 
SFE 13 5564 2106 29 190 7889 
SFE 14 3600 1489 19 130 5238 
SFE 15 2889 1148 20 101 4158 
SFE 16 3781 1545 38 138 5502 
SFE 17 3514 1441 29 137 5121 
SFE 18 4925 1670 20 130 6745 
SFE 19 2964 1125 18 102 4209 
SFE 20 3488 1283 11 118 4900 
SFE 21 4118 1655 36 147 5956 
SFE 22 3732 1421 33 135 5321 
SFE 23 3253 1316 42 123 4734 

SE – ethanol 232 96 - 11 339 

P4 

SE – hexane 2631 1014 27 84 3756 
* The SFE extraction conditions are given in Table VIII. 
-: no found 

Abbrevations of compounds: 
α-Tok - α-tocopherol;   γ-Tok3 - γ-tocotrienol; 
γ-Tok - γ-tocopherol;   δ-Tok - δ-tocopherol. 
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Table XVI. Tocopherol yields in tomato pomace extracts (samples P1 - P4) 

Abb. Samples* Yield of tocopherols 
(mg / 100 g d.m.) 

SFE - 40˚C 4.121 
SE - ethanol 6.371 P1 
SE - hexane 4.090 
SFE - 40˚C 4.164 
SFE - 60˚C 5.096 
SE - ethanol 12.171 P2 

SE - hexane 3.667 
SFE 9 17.187 
SFE 10 14.804 
SE – ethanol 18.948 P3 

SE - hexane 12.647 
SFE 14 13.687 
SFE 16 14.228 
SFE 17 13.699 
SFE 13 21.340 
SFE 11 14.524 
SFE 12 12.255 
SFE 21 22.240 
SFE 23 17.289 
SFE 19 16.230 
SFE 15 12.748 
SFE 18 19.318 
SFE 22 15.346 
SE - ethanol 19.634 

P4 

SE - hexane 12.748 
  * The SFE extraction conditions are given in Table VIII. 
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Table XVII. Hydrogen-donating activities of marjoram samples (M1-M6) 

Inhibition (%)* Sample 
conc. 

(w/w, %) M1 M2 M3 M4 M5 M6 

0.008 4.4±1.5 3.9±1.0 7.6±1.7 14.6±3.0 18.0±6.2 18.3±0.8 
0.018 9.4±2.3 12.5±3.0 22.3±4.8 37.0±1.6 31.1±3.2 39.2±2.7 
0.028 15.1±3.3 17.1±0.8 34.4±6.9 60.4±4.6 47.1±4.7 59.7±4.0 
0.04 21.5±3.8 25.9±3.0 48.7±10.6 82.8±6.7 67.9±9.0 79.1±3.7 

*mean ± standard deviation (n = 3) 

Table XVIII. The stability times obtained by Rancimat method 
Stability time (h)* Samples 

M1 M4 
Control oil 8.02±0.44 9.14±0.18 
C+ 0.01% BHT 9.14±0.05 10.31±0.07 
C+ 0.1% BHT 11.42±1.03 13.70±0.23 
C+ 0.1% SFE 7.90±0.09 9.34±0.02 
C+ 0.5% SFE 7.95±0.06 9.90±0.01 
C+ 1% SFE 8.00±0.17 10.52±0.12 
C+ 1.5% SFE 8.10±0.06 11.10±0.24 
C+ 2% SFE 8.23±0.08 11.48±0.09 
C+ 0.1% Soxh. 7.82±0.45 9.57±0.04 
C+ 0.5% Soxh. 8.81±0.22 10.44±0.11 
C+ 1% Soxh. 9.15±0.56 11.48±0.27 
C+ 1.5% Soxh. 9.88±0.22 12.58±0.55 
C+ 2% Soxh. 10.56±0.45 12.97±0.30 

   *mean ± standard deviation (n = 3) 

 
Table XIX. Antioxidant compounds in marjoram sample M4 

Ursolic acid Carnosol 
Samples Conc. 

(%, w/w) 
Yield 

(mg/100 g d.m.) 
Conc. 

(%, w/w) 
Yield 

(mg/100 g d.m.) 
Raw material 0.7084 708.4 0.0561 56.1 
SE - ethanol 2.3154 671.1601 0.0321 9.3067 
PP - SE - ethanol 5.3945 1402.5430 0.0527 13.6991 
SE - hexane 4.0429 284.3314 0.1928 13.5593 
SFE 17  
(450 bar, 50°C) 0.1911 10.3048 0.2501 13.4838 
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Table XX. Antioxidant compounds in marjoram extracts (sample M1) 
Ursolic acid Carnosol 

Samples* Conc. 
(%, w/w) 

Yield 
(mg/100 g 

d.m.) 

Conc. 
(%, w/w) 

Yield 
(mg/100 g 

d.m.) 
Raw material 0.9711 971.1 0.0731 73.1 
SE - ethanol 4.3036 574.7491 0.0803 10.7199 
PP - SE - ethanol 3.6975 335.3610 0.1212 10.9937 
SE - hexane 2.1080 105.3808 0.5348 26.7365 
SFE 14  0.1031 3.8774 0.4924 18.5255 
SFE 15 S1 0.1179 3.0949 0.3302 8.6717 
SFE 15 S2 0.8192 6.7172 0.1047 0.8583 
SFE 12/1 0.6704 13.4624 0.2593 5.2067 
SFE 12/2 0.0346 0.2698 0.6922 5.3920 
SFE 12/3 0.2121 0.4730 0.7449 1.6611 
SFE 12/4 0.2972 0.4488 0.6615 0.9989 
SFE 13/1 S1. 0.1138 2.2908 0.4441 8.9402 
SFE 13/1 S2. 1.2552 6.4268 0.0373 0.1909 
SFE 13/2 S1. 1.7365 13.3711 0.4286 3.3000 
SFE 13/2 S2. 0.0815 0.1125 0.4612 0.6364 
SFE 13/3 0.0533 0.1289 0.1796 0.4346 
SFE 13/4 0.5555 0.5611 0.1058 0.1068 
SFE 7. 1.3610 41.7827 0.3405 10.4534 
SFE 1 0.0978 3.2140 0.3463 11.3847 
SFE 6 2.1558 71.4200 0.3460 11.4630 
SFE 11 2.1780 69.1951 0.4298 13.6532 
SFE 4 1.0028 33.7225 0.4033 13.5613 
SFE 5 2.3470 81.5817 0.3565 12.3919 
SFE 2 2.2300 80.2131 0.3403 12.2388 
SFE 3 0.4568 17.3474 0.3993 15.1635 
SFE 8 0.2960 5.6566 0.3398 6.4926 
SFE 9 1.7710 9.5988 0.0195 0.1056 
SFE 10 1.1073 5.4809 0.0221 0.1095 
* The SFE extraction conditions are given in Table V and VI. 
 
 
 

 XXIV



Appendix  III. Tables and figures 

 

 
Figure 1. Laboratory Soxhlet extraction of marjoram 

 
 

 
Figure 2. Pilot plant SFE extraction apparatus 
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Figure 3. Gas chromatogram of essential oil of marjoram sample M1. 
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Figure 4. Volatile compounds in ethanolic marjoram extract (M1) by GC.  
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Figure 5. Volatile compounds in marjoram (M1) SFE extract obtained at 450 bar and 50°C. 
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Figure 6. Gas chromatogram of essential oil of marjoram sample M4. 
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Figure 7. Volatile components in marjoram (M4) ethanolic extract. 
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Figure 8. Volatile components in marjoram (M4) SFE extract obtained at 450 bar and 50°C.  
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Figure 9. Pigment composition of marjoram (M1) ethanolic extract. 
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Figure 10. HPLC chromatogram of pigments in marjoram (M1) extract obtained by n-hexane. 
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Figure 11. Marjoram (M1) pigment composition obtained by SFE at 100 bar and 50°C. 
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Figure 12. Pigment composition of marjoram (M1) SFE extract obtained at 250 bar and 50°C. 
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Figure 13. Pigments in marjoram (M1) SFE extract obtained at 400 bar and 50°C. 

 XXXVI



Appendix  III. Tables and figures 

 

lycopene 

 
 

Figure 14. Carotenoids in tomato pomace (P4) ethanolic extract. 
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lycopene

 
 

Figure 15. Carotenoids in tomato pomace (P4) extract obtained with n-hexane. 

 XXXVIII



Appendix  III. Tables and figures 

 

 
 

Figure 16. Carotenoid pigments in tomato pomace (P4) SFE extract obtained at 380 bar and 60°C. 
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Figure 17. Tocopherol composition in tomato pomace (P4) ethanolic extract. 

 XL



Appendix  III. Tables and figures 

 

α-tocopherol 

γ-tocopherol 

σ-tocopherol 

 
 

Figure 18. Tocopherols in tomato pomace (P4) extract obtained with n-hexane. 
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Figure 19. Tocopherol composition in tomato pomace (P4) SFE extract obtained at 380 bar and 
60°C.  
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Figure 20.

Figure 21.

 

177 – C + 1.5% SFE; 
178 – C + 2% SFE; 
175 – C + 1% SFE; 
174 – C + 0.5% SFE; 
173 – C + 0.1% SFE; 
176 – C; 
179 – C + 0.01% BHT;
180 – C + 0.1% BHT. 
 
 Stability times of marjoram (M1) SFE extracts and controls measured by Rancimat 

method. 
 

 

187 – C; 
181 – C + 1% Ethanol; 
182 – C + 0.1% SE; 
183 – C + 0.5% SE; 
184 – C + 1% SE; 
185 – C + 1.5% SE; 
186 – C + 2% SE. 

 
 Stability times of marjoram (M1) ethanolic extracts (SE) and controls measured by 

Rancimat method. 
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Figure 22.Chromatogram of carnosol in marjoram (M1) ethanolic extract. 
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Figure 23. Carnosol in marjoram (M1) extract obtained with n-hexane. 
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Figure 24. Chromatogram of carnosol found in marjoram (M1) SFE extract obtained at 450 bar 
and 50°C.  
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Figure 25. Chromatogram of ursolic acid found in marjoram (M1) ethanolic extract. 
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Figure 26. Chromatogram of ursolic acid of marjoram (M1) extract obtained with n-hexane. 
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Figure 27. Ursolic acid found in marjoram (M1) SFE extract obtained at 450 bar and 50°C. 
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Figure 28. Chromatogram of carnosol found in marjoram (M4) ethanolic extract. 
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Figure 29. Carnosol found in marjoram (M4) extract obtained with n-hexane. 

 LI



Appendix  III. Tables and figures 

 

 
 

Figure 30. Chromatogram of carnosol found in marjoram (M4) SFE extract obtained at 450 bar 
and 50°C. 
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Figure 31. Ursolic acid found in marjoram (M4) ethanolic extract. 
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Figure 32. Chromatogram of ursolic acid found in marjoram (M4) extract obtained with n-hexane. 
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Figure 33. Ursolic acid found in marjoram (M4) SFE extract obtained at 450 bar and 50°C. 
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Figure 34. Antifungal properties of thyme SFE extracts against A. niger. 

 

 
 

Figure 35. Antifungal activity of thyme essential oil in the presence of A. niger. 
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Figure 36. Antifungal properties of thyme ethanolic extract against A. niger. 
 

 

 
Figure 37. Antifungal properties of thyme SFE extracts against T.viride. 
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Figure 38. Antifungal activities of thyme essential oil in the presence of T. viride. 
 

 
Figure 39. Antifungal properties of thyme ethanolic extract against T. viride. 
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Figure 40. Antifungal activities of thyme SFE extracts against P.cyclopium. 

 
 

 
Figure 41. Antifungal properties of thyme essential oil in the presence of P. cyclopium. 
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Figure 42. Antifungal activity of thyme ethanolic extracts against P. cyclopium. 

 
 

 
Figure 43. Antifungal activities of marjoram SFE extracts against A. niger. 
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Figure 44. Antifungal properties of marjoram SFE extracts against P. cyclopium. 

 
 
 

 
Figure 45. Dilution method for obtaining the antibacterial properties. 


