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Abstract.1 Kinetics of flavonoids extraction from hops 
strobiles extraction cake is investigated, total value of 
mass-transfer resistance is determinate, taking into 
consideration anatomic features of plant raw material, 
especially cellular and intercellular environment exis-
tence. Validity of proposed mathematical tools technique 
for evaluation of main kinetic constant of process is 
confirmed. Obtained result can be applied for equipment 
calculation in the design of process flow charts of cellular 
structure solid bodies. 
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1. Introduction 

In continuation of the topic of extraction of cellular 
structure solid bodies it is important to study not only 
body internal volume processes, but also the ones in basic 
volume of extraction solvent, especially when it comes to 
maceration [1, 2]. Maceration, as one of extraction 
methods, retains its relevance because of its guaranty of 
preservation of biologic activity of all components of 
extracted material. The last extraction stage is mass 
transfer from the material surface to extract. In case of 
extraction by maceration method it is impossible to 
disregard resistance of boundary diffusion layer. Third 
conditional environment/mileu appears and its volume is 
determinate by porosity of plant material layer, especially 
extraction cake. Although extraction solvent is in 
quiescence state under the particle surface of solid phase, 
some convection displacements of extraction solvent 
caused by such physical-chemical parameters as 
temperature, viscosity, density of solvent, will still be 
present, but will not influence significantly the maceration 
process in general.  
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We studied hops strobiles extraction cake 
extraction process after drug product producing; as it 
turned out a lot of biologically active compounds (BAC) 
are left in extraction cake. Hops strobiles extraction cake, 
a manufacturing side-product, is represented by indiscrete 
moisture mass of fragmented material. It contains  
0.2–1.7 % of essential oil, 5–20 % of bitter principles 
(humulone, lupulone, etc.), choline, asparagine, organic 
acids, leucoanthocyanidins and compounds with estrogen 
effects. Hop polyphenols are mainly flavonoids  
(С6–С3–С6) [3-5]. 

Flavonoids were chosen as main group of 
biologically active compounds (BAC) for extraction, 
regarding their significant quantity in wastes of medicinal 
plant raw material (MPM) and in consideration of 
preservation of all their pharmacological effects: 
capillary-enhancing activity, antiphlogistic, antiallergenic, 
antimicrobial, antiviral activity [6-8]. 

In plants flavonoids are usually presented in the 
form of glycosides dissolved in cellular fluid, which is 
concentrated in vacuoles and fluoro- and chloroplasts, i.e. 
in cell volume. During extraction, they need to overcome 
resistance of boundary diffusion layer, whereas process is 
performed by maceration. Taking into account all three 
stages it is reasonable to write an equation for 
determination of total mass-transfer resistance during 
maceration as: 
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where Dс – diffusion coefficient through the cell 
membrane, m2/s; Dm – diffusion in the extracellular 
environment, m2/s; Dе – coefficient of molecular diffusion 
in extraction solvent volume, m2/s; δ – thickness of cell 
membranes, m; d – diameter of particle of solid, m; ε – 
porosity of plant material layer.  

According to diffusion layer theory, where 
molecular diffusion takes place and concentration of 
target substance is strongly expressed, the thickness of 
boundary layer depends on extractant moving velocity, 
coefficient of diffusion of liquid kinetic viscosity. Under 
turbulization of liquid flow the thickness of diffusion layer 
decreases, consequently a resistance of convective mass 
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transfer can be disregarded under the circumstances of 
mixing. This is fundamental when it comes to 
determination of mass transfer coefficients through cell 
membrane and mass conductivity in intercellular 
environment. From this perspective Eq. (1) takes the form: 
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According to this thesis main kinetic constants 
were determined in Ref. [1, 2].  

With account of rearrangement of Eq. (1) for 
determination of total value of mass transfer resistance 
coefficient it can be written as: 
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    (3) 

where k – total mass transfer coefficient, l/s; kс – mass 
transfer coefficient through the cell membrane, 1/s; km – 
coefficient of mass conductivity in intercellular 
environment, 1/s; kе – coefficient of mass conductivity in 
extractant, which is in free volume of layer of extracted 
material, 1/s. 

2. Experimental 

Investigation of extraction kinetics of exhausted 
material of hops strobiles was conducted by maceration in 
stationary layer of extractant during 24 h.  

For this, 10 g of extraction cake of plant material 
sample was loaded into 0.2 l container, together with 0.1 l 
of extractant. Phase ratio (solid:liquid) was S:L = 1:10. 
Previously, by sieve analysis, the size of fragmented 
material was determined. Following distribution of material 
to fractions was provided: 1·10-3; 2.5·10-3; 5·10-3; 7·10-3 and 
9.5·10-3 m. Extraction process was conducted by maceration 
at 293 ± 2 K. For eliminating polyphenols 50 % alcohol 
was used as extractant, for the extraction of flavonoids sum 
a water-ethanol mixture (70 %) was used. Under several 
periods of time (Fig. 1) the content of each container was 
sequentially amalgamated, filtered and analyzed.  

During extraction by maceration the extractant 
volume is lower than that during mixing extraction. For 
“mirror” effect of extractant over extraction cake in our 
case for 1 part of material comes 10 parts of extractant. In 
stationary layer of extractant molecular diffusion of target 
substances takes place from phase boundary to main 
volume of extract. 

For determination of total mass transfer coefficient 
math expression of investigated process [9] can be written as: 
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where G – weight of extracted plant material, kg; W – 
volume of extractant, m3; С1п – concentration of target 
substance at the particle surface of solid phase, kg/m3;  
С1 – concentration of target substance in main volume of 
extract; С1р – equilibrium concentration, kg/m3; С01 – 
initial concentration of target substance in extractant, 
kg/m3; F – area of mass transfer surface, m2; Сс0 – 
concentration of target substance, kg/m3.  

As a result of solving simultaneous equations (4) 
occurs: 
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where Dе – coefficient of molecular diffusion in extraction 
solvent, m2/s; l – distance between material particles, m;  
F – area of mass-transfer, m2.  

After taking the logarithm of Eq. (5) it is deduced: 
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In coordinate system we find the value of k as a 
slope ratio of right line (Fig. 2). For the calculation of 
diffusion coefficient of polyphenols and flavonoids in 
extractant layer De  we use Eq. (6).  
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From Eq. (3) we find coefficient ke: 
1 1 1 1

e m сk k k k
 

= − − 
 

  (9) 

Area of mass transfer F was found by making 
assumption that particles have a shape of disk, inasmuch 
as for determination of particle size sieve with round 
opening was used, then: 

2F r h L= ⋅ + ⋅π            (10) 
where L – length of circle, m; r – particle radius, m; h – 
particle thickness determinate experimentally, m.  

For determination of general quantity of extracted 
particles we use porosity of plant material layer ε, which 
is determined as: 

0

0

td d
d
−

=ε            (11) 

where d0 – volumetric density of extraction cake, kg/m3; 
dt – tap-density of extraction cake, kg/m3. 

Trustworthiness of the process mathematical 
descriptions and obtained results was confirmed by 
theoretical calculation of diffusion coefficient of 
polyphenols and flavonoids in extractant applying Eq. 
(12) [10], in case of using solvents and extractants, 
specified above, when extracting hops strobile extraction 
cake.  
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1/3
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Coefficient of molecular diffusion depends on 
temperature and dynamic viscosity of extractant. Molar 
volume of target substance was calculated according to 
[11]. 
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                       (13) 

where К – coefficient calculated by Eq. (13); T – 
temperature, K; µ2 – dynamic coefficient of viscosity of 
extractant, cPa; V1 – molar volume of dissolved substance, 
cm3/mol; V2 – molar volume of extractant, cm3/mol.  

3. Results and Discussion 

The results of experimental studies on the kinetics 
of extracting from hops strobiles extraction cake by 
maceration are presented in Fig. 1 as eliminated flavo-
noids concentration vs. time. As one can see from the 
figure, the highest possible concentration value  
(0.060 kg/m3) is obtained most quickly (8450 s) for the 
particles with the size of 1 mm. Thus, herbal raw material 
particle size significantly influences the velocity of target 
substance yield. With the increase of herbal raw material 
diameter the time of equilibrium achievement increases. 
This is due to the point that with the enlargement of herbal 
raw material particle size itinerary of target substances 
diffusion from intercellular environment to interphase 
boundary increases. 

Solution of mathematical model [1, 9] allows to 
determine value of diffusion coefficient through the cell 
membrane and in intercellular environment with intensive 
mixing or upon condition of intensive hydrodynamics. 
Calculation formulas look like [1]: 
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c
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D F Dk
V R

= =
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      (14) 

where Rеq. – equivalent radius, m.           

m m m
m
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lV dR
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 (15) 

where Rm – brought radius, m. 
 

 
 

Fig. 1. Dependence of the flavonoids concentration on time 
during extraction by 70% water-ethanol mixture of hops strobile 

extraction cake, frаgmented to different sizes  
 
Based on experimental data of flavonoid extraction 

from hops strobiles extraction cake, which were reduced 
to established size under mixing in Ref. [2], the mass 
transfer coefficients through the cell membrane and in 
intercellular environment were determined, conforming to 
diffusion coefficient through the cell membrane Dc and in 
intercellular environment Dm for hops strobile extraction 
cake, which are 10-14 and 10-11 m2/s. Results of calculation 
are presented in Table 1. On the basis of the obtained 
experimental data (Fig. 1) the dependencies  
ln(1-C1/C1p)=f(t) were built. These dependences are linear 
and give opportunity to determine leaching coefficient and 
total mass-transfer resistance for each value of the particle 
size of the solid phase from 1·10-3 to 9.4·10-3 m. These 
dependencies, approximated with linear functions for 
extraction process of flavonoids, are presented in Fig. 2. 

 

 
Table 1 

Estimated and experimental values of kinetics of flavonoid extraction 70 % from reduced hops strobiles  
with water-ethanol mixture in tank with mixer   

d·103, m k·104, 1/s kc·104, 1/s km·104, 1/s Dс·1014, m2/s Dm·1011, m2/s 
1 3.5 3.48 6.98 1.00 6.94 

2.5 3.0 3.48 6.48 1.00 6.98 
5 2.6 3.48 6.08 1.00 7.13 
7 2.4 3.48 5.88 1.00 6.97 

9.4 2.2 3.48 5.68 1.00 7.03 
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Table 2 

Kinetic constants of the process of flavonoids extracting by maceration with 70% water-ethanol mixture 
from hops strobiles extraction cake reduced to certain sizes 

d·103, m k·105, l/s А Equation of dependence of target substance concentration with time for 
sufficient diameter  

1.0 6.8 0.894 ( )teC
5108.6

1 894.01335.0
−⋅−−=  

2.5 5.7 0.900 ( )teC
5107.6

1 900.01335.0
−⋅−−=  

5.0 4.9 0.910 ( )teC
5109.4

1 910.01335.0
−⋅−−=  

7.0 4.2 0.925 ( )teC
5102.4

1 925.01335.0
−⋅−−=  

9.4 4.1 0.948 ( )teC
5101.4

1 948.01335.0
−⋅−−=  

 

  
 

Fig. 2. The logarithmic dependence of the flavonoids 
concentration on time during extraction by 70 % water-ethanol 

mixture of extraction cake of hops strobile,  
fragmented to sizes  

 
Fig. 3. Dependency of mass transfer coefficient k and leaching 

coefficient А upon particle size d in flavonoid extraction process 
by maceration with 70 % water-ethanol mixture from hops 

strobile extraction cake 
 

Table 3 
Information values for calculation of molecular diffusion coefficient  

for flavonoids in water-ethanol mixture in terms of hyperosid 
Т, K µ2, cPa V1, cm3/mol V2, cm3/mol К·107 D, m2/s· 108 
293 2.01 413.38 59.20 1.04 7.45 

 
Based on these dependencies a system of equations 

for the process of flavonoids extracting is obtained: 

1

2

3

4

5

0.000068 0.11179
0.000057 0.10525
0.000049 0.09422
0.000042 0.07808
0.000041 0.05306

k t
k t
k t
k t
k t

= − ⋅ −
 = − ⋅ − = − ⋅ −
 = − ⋅ −
 = − ⋅ −

           (16) 
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1 5

1

ln 1
p

Сk
С−

 
= −  

 
.  

The system of equations (16) describes 
approximated logarithmic straight lines in the second 
period of extraction process by maceration, which enables 

to determine the mass transfer coefficients and leaching 
coefficients. Thus determining mass transfer coefficients 
and leaching coefficients during polyphenols extraction 
we obtain an opportunity to describe the change in 
extractant concentration with time through mathematical 
expression for each solid phase particle size (Table 2). 

For known values of mass transfer coefficients for 
each solid phase particle size we build dependency ki=f(d) 
and А=f(d) (Fig. 3). 

The obtained result further allow to write an 
analytical expression (17). As can be seen from Fig. 3, the 
total value of flavonoids mass transfer coefficient is 
described by linear dependence (18) within the studied 
sizes. 

5 50.3178 10 6.7228 10k d− −= − ⋅ ⋅ + ⋅   (17)
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Analogically dependence of leaching coefficient A 
upon solid phase particle size is obtained and is described 
by Eq. (18): 

0.0064 0.8842A d= ⋅ +        (18) 
As a result, total equation of kinetics of flavonoids 

extraction from extraction cake of hops strobile is: 
1 (0.0064 0.8842) (1 exp( 0.3178 0.6722)C d d t= − ⋅ − − + (19) 

Considering the obtained results (Table 2) and 
following equation of total mass transfer resistance (9) it 
is now possible to determine kе = 5.1∙10-4 1/s and calculate 
period of coefficient of molecular diffusion Dе for 
flavonoids in extragents taking into account experimental 
data according to (8) and compare its value with that 
calculated by the expression (12). The calculated value 
considering experimental data Dе = 1.15∙10-8 m2/s. 

Information values for determining of the 
flavonoids molecular diffusion coefficient, expressed as 
hyperosid, is shown in Table 3. The calculated from the 
expression (12) value Dе is 7.45∙10-8 m2/s and has one 
period. 

Thus, the value of the coefficient of flavonoids 
molecular diffusion is calculated on the basis of 
experimental data by formula (12) and have a period of 
10-8 m2/s, which verifies the mathematical description of 
extraction process from cellular structure solid bodies. 

4. Conclusions 

Mathematical dependences of the extraction 
kinetics of hop strobiles extraction cake are obtained with 
the reference to its anatomical structure, such as the 
availability of cellular and intercellular space that allow to 
identify the main kinetic coefficients of the process, its 
regime and predict the dynamics of biologically active 
compounds extraction in the implementation of extraction 
process in practice.  
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КІНЕТИКА ЕКСТРАГУВАННЯ БІОЛОГІЧНО 
АКТИВНИХ СПОЛУК ЗІ ШРОТУ ШИШОК 

ХМЕЛЮ 
 
Анотація. Вивчена кінетики екстрагування флавоноїдів 

зі шроту шишок хмелю, визначено сумарне значення опору 
масоперенесення враховуючи  анатомічні особливості рослинної 
сировини, а саме наявність клітинного та міжклітинного 
середовища. Підтверджено достовірність запропонованого 
математичного апарату для визначення головних кінетичних 
констант процесу. Отриманий результат можна засто-
совувати для розрахунку обладнання при проектуванні тех-
нологічних схем екстрагування твердих тіл клітинної будови. 

 
Ключові слова: шишки хмелю, шрот, кінетика 

екстракції, коефіцієнт дифузії, коефіцієнт масоперенесення. 
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