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Abstract

Research objective: development of a high-pressure reactor for researching the process of extraction of grape pomace by 
the subcritical water and determining the parameters, providing the maximum yield of various target products – biologically active 
substances; formation of methodological support for raw material preparation, qualitative and quantitative analysis of extracts, pro-
duced by the subcritical extraction. As a result of simulation in the ANSYS system of the stress-strain state of the walls of the reactor 
chamber and a set of calculation operations, a high-pressure reactor was created that meets the requirements. The formed methodical 
complex for determining the physicochemical properties of extracts and the content of various biologically active substances includ-
ed methods for preparing samples and determining the yield of dry extractive substances, evaluation of extraction of polyphenols 
(tannic-catechol complex), evaluation of extraction of reducing substances, identification furfural and gallic acids, estimation of 
free organic acids in terms of tartaric acid, evaluation of antioxidant activity of extracts). This methodological complex allows us to 
estimate the physico-chemical properties of the extracted biologically active substances.
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1. Introduction

According to the FAOООН (Food and Agriculture Organization of the United Nations), 
the world production of grapes is more than 76 million tons per year. The production of grapes in 
Ukraine in recent years is growing, and in 2016 exceeded 390 thousand tons [1]. 

As a result of the processing of grapes, up to 20 % of waste grape pomace (GP) is pro-
duced, which have a rich polysaccharide complex and contain a considerable amount of phenolic 
substances and lignin. The pomace consists of 37 ... 39 % (of the total mass) of the grape’s skin; 
15...34 % − from particles of pulp, 1.0…3.3 % − from the rests of the crests, 23 ... 39 % of the seeds. 
The moisture content of the pomace depends on the quality of the pressing and varies from 50 to 60 %. 
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The technological reserve of polyphenol grapes in Ukraine exceeds 500 tons of total poly-
phenols per year. In this way, the polyphenols of grapes in their native form are mainly flavo-
noids – poorly soluble in water substances.

Up to 60 % of the mass of dry GP explosives are polysaccharides [2], which are a valuable 
raw material for the production of biologically active substances (BAS) with high antioxidant prop-
erties, including polyphenols, gallic and tartaric acid and its salts, etc. [3].

In the traditional extraction technologies, the target product isn’t extracted completely, the 
processes are time-consuming, the contents of ballast substances is too high, the labor intensity of 
the process is high, there are losses of the extractant during diffusion and evaporation.

The most effective and innovative method of extracting plant raw materials in the food and 
pharmaceutical industries is currently the extraction by subcritical water (SCW) [5–7]. SCW – wa-
ter in a liquid state at a pressure of up to 21,8 in the temperature range between the usual boiling 
point (100 °C) and the critical temperature (374 °C).

Advantages of using SKW as a solvent: combination of properties of gases at high pressure 
(low viscosity, high diffusion coefficient) and liquids (high solubility capacity); a combination of 
negligibly low interfacial tension with low viscosity and a high diffusion coefficient; high sensi-
tivity of solvent ability to change pressure or temperature; simplicity of separation by SCW and 
dissolved substances when the pressure is released; SCW penetrates into porous structures more 
easily in comparison with traditionally used liquid solvents.

The main problem is the full use of the GP namely their high humidity and the need for their 
speedy processing to exclude the development of molds and prevent the spoilage. GP begins to de-
teriorate after 2–3 days and with high humidity (85–90 %) and elevated temperatures (25…40 ºС), 
the storage period is 8–12 hours. 

The chemical composition of the processed raw materials depends significantly on the 
soil-climatic conditions and varietal characteristics of the grapes, as evidenced by the numerous 
data have given in the literature on the biochemical composition of the GP [3]. These circumstances 
lead to the need to study the extraction processes of the GP products from those varieties of grapes 
that are common in the regions of the location of processing enterprises, subject to modernization.

Extraction of SCW provides more complete extraction, there is a selectivity of the process 
in relation to different target products and the ecological purity of the extract obtained [4−6, 9].

The effect of the use of flavonoids is mainly due to the antioxidant activity of these com-
pounds. At the same time, antioxidant activity is considered as a function not of individual groups 
of flavonoids, but of all polyphenols, including tannins (tannic-catechol complex). Therefore, if 
flavonoids are considered as an antioxidant additive, then it is advisable not to separate them from 
tannins, but to use them together with the latter.

The recovered polyphenols have a fairly wide range of bio-physico-chemical properties, 
but to date there is no single of extraction protocol that could be considered optimal for all sam-
ples studied [10].

In various grades of grapes the content of BAS and their quantity is different. Based on this, 
the research into the extraction of BAS from grape and GP is focused on the determination of ratio-
nal process parameters exclusively for the raw material being studied. Thus, it should be noted that 
the process of extraction by SCW from the GP of the table grape Moldova, which is widespread in 
Ukraine, the Republic of Moldova, in a number of European countries, has not been investigated 
at present. The conduct of such studies is limited by the lack of specific equipment, providing the 
process of extraction by SCW and a complex of methodological support for the physicochemical 
analysis of extracts obtained for the presence of BAS.

Research objective:
− the development of a high-pressure reactor to conduct the research on the extraction pro-

cess of GP by SCW and definition of parameters that providing the maximum yield of various 
target products – BAS;

− formation of methodological support for raw material preparation, qualitative and quanti-
tative analysis of extracts produced by subcritical extraction.
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2. Materials and Methods

Creation of experimental equipment. As a result of the analysis of the existing designs of 
high-pressure reactors of the world’s leading manufacturers, the initial requirements for the equip-
ment being created were formulated. When it was created, first of all, the stress-strain state of 
the working chamber from internal pressure, temperature, cyclic loads, fatigue was studied, and 
boundary conditions were analyzed, etc.

The external working surface of the working chamber of the high-pressure reactor is con-
nected to TENs with a temperature of 673 K, the internal one is at room temperature. An existing 
temperature drop leads to the appearance of thermoelastic stresses. Existing analytical solutions 
that the temperature change for a thick-walled cylinder obeys a linear dependence, in this case are 
not applicable, because the temperature distribution between the external and internal surfaces of 
the structure is not linear.  

One of the modern methods for calculating the strength is the method of finite elements and 
it was implemented in the software product ANSYS. In the task set, the following were taken into 
account: real geometry of reactor design; dependence of the coefficients of thermal conductivity, 
linear expansion, Young’s modulus and Poisson’s coefficient ratio on temperature; non-linear tem-
perature variation between the outer and inner surfaces of the walls of the autoclave; large (finite) 
deformations are allowed.

The problem was solved within the framework of the theory of elasticity by the method 
of physical media. As a result of the symmetry, an axisymmetric formulation is used to solve the 
problem. When constructing the finite element model, 12100 elements were used. Discretization 
was produced using a solid 8-node thermal element PLANE77 to solve a thermal problem and a 
compatible with it structural PLANE82 for perform the structural analysis. Both elements make it 
possible to solve the problem in an axisymmetric formulation, admit more than one form, which 
makes it possible to construct a predominantly ordered rectangular grid. In solving this problem, 
the thermal problem was solved at the first stage. We constructed a geometric and finite element 
model of the reactor working chamber. Boundary conditions for the thermal problem: the tempera-
ture on the inner surface is 293 K, on the outer surface is 673 K. As a result of the solution has got 
the temperature distribution in the autoclave housing. The dependence of the temperature on the 
radius is shown in Fig. 1.

At the second stage, the structural problem was solved for which the structural boundary 
conditions were set, the thermal file by physics was read and they were jointly solved.

In Fig. 2 shows the diagrams of radial and equivalent Mises stresses in the wall of the work-
ing chamber of a high-pressure reactor, obtained as a result of modeling.
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Fig. 1. Change in temperature along the thickness of the wall of the working сhamber

Fig. 3 shows the dependence of radial stresses rσ  (curve 1) and equivalent eqσ  (curve 2) on the 
radius of the working chamber r. The resultant stress is far from the ultimate strength of the material.

Comparison of the results of stress calculations in the wall of the working chamber of a 
high-pressure reactor (Fig. 4) confirmed the reliability of the results obtained and was used in 
designing both, the body of the working chamber and directly the reactor itself, the appearance of 
which is shown in Fig. 5.
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Fig. 2. Diagram of stresses in the wall of the working chamber of a high-pressure reactor:  
a − radial stresses; b − equivalent Mises stresses
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Fig. 3. Dependence of stresses on the radius of the reactor’s working chamber r:   

1 − radial stresses rσ ; 2 − equivalent stresses eqσ
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Fig. 4. Results of calculation of radial stresses rσ : curve 1 − by analytical methods,  
curve 2 − by numerical calculation in ANSYS
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Fig. 5. General view of a high-pressure reactor

The main technical and operational characteristics of the high-pressure reactor: the nominal 
volume of the working chamber is 0.68 liters, the accuracy of recording the temperature is ±0.5 oС, the 
sensitivity of the pressure sensor is ±1 MPa, the maximum pressure at room temperature is 40 MPa, 
the maximum temperature in the working chamber at an ambient room temperature of 400 oC, the 

calculated number of loading cycles at pressures up to 40 MPa − not less than 500 cycles [11].
Definition of the field of experimentation. The range of variation of technological process 

parameters: the ratio of raw materials and extractant (water) with hydro ratio – 1:5 and 1:10. The 
temperature was varied from 100 to 160 oC with a step of 10 ° C and was maintained with a regula-
tor with an accuracy of ±1 oC. The holding time is 30 min, 60 min and 90 min. The repetition of the 
experiments at each point was triple. The time was calculated after reaching the set temperature.

The pressure level (P) equals 12 MPa, which provides subcritical conditions and a high 
yield of the extracted substance. It was established based on the thermodynamic properties of 
water described by the differential equations of thermodynamics of the International System of 
Equations of 1997 (Formulations IF-97). These equations describe the properties of water in the 
sub- and supercritical fields. The subcritical field is described by fundamental equations for the 
Gibbs energy [12].

Method of obtaining dry GP. Drying of the original pomace at 75±2 ºC to constant weight 
was carried out in porcelain bowls placed in a drying cabinet ТРЦ02ТП-1. The residual moisture 
of the pomace after drying was 4–7 (% abs.). The resulting agglomerates were crushed to a fraction 
passing through a 3 mm sieve. Samples in the form of powder were stored in a package that pro-
vides protection from the moisture of the environment at room temperature in a dark place.

Method of preparation of samples and determination of the yield of dry extractive sub-

stances (DS).

The quantitative of moisture content was calculated by the formula:

d.s.

mu 100 %,
m

∆
= ⋅

                                                             (1)

where m∆  − mass of remote moisture, g; d.s.m − product massage after drying cabin, g.
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The calculation of humidity was carried out according to the formulas:

h.s.

mC 100 %,
m

∆
= ⋅

                                                             
(2)

where m∆  − mass of remote moisture, g; h.s.m  − product massage before drying cabin, g.
To prepare the sample, the GP was weighed, recalculated to an absolutely dry substance 

matter and, in accordance with the accepted hydro ratio, was poured with a portion of degassed 
distilled water. The sample was kept then under continuous stirring for 45 minutes. Thus, the 
subsequent extraction process was not affected by the diffusion of water deep into the dry plant 
material, which would be limited the extraction process in the initial period of time. The filtration 
of the extract was carried out on a Buchner funnel under a vacuum of ~0,5 atm. A water pump 
Pedrollo PKm 60 was used to create the necessary water pressure in a water-jet vacuum pump. 
The filtration was carried out first on a cotton cloth (cotton cloth “belting”) thereafter the extract is 
further filtered through a “blue tape”. The yield of the dry extract was determined by evaporating 
the exact volume of the extract (50 ml) at 105 oC under vacuum on a rotary evaporator IR-1M with 
a temperature regulator ERA-M to constant weight.

Method for evaluation of polyphenols extraction (tannic-catechin complex). The total con-
tent of polyphenol compounds of polyphenols (tannic-catechin complex) (Ph) was determined in 
terms of gallic acid by the method of Folin-Ciocalteu [13].

Total amount of polyphenol compounds in % based on gallic acid was calculated according 
to the formula:

0

0

D m 25 1 100 100 100
X ,

D m a 100 100 (100 w)
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

=
⋅ ⋅ ⋅ ⋅ ⋅ −

                                               
(3)

where D − optical density of test solution; D
0
 − optical density of standard solution of gallic acid; 

m − mass of extracted cake, g; m
0 
− mass in grams of gallic acid; a − aliquot solution in ml; w − loss 

on drying of the extract in percentage.
Method for evaluation of extraction of reducing substances (RS). Determination of the yield 

of reducing substances (RS) was carried out using Feling’s reagent [14]. Subsequently, the differ-
ence in the flow rates of Na

2
S

2
O

3
 solution in control and working experiments was found using an 

empirical table. The amount of sugar in the sample of the extract taken for analysis was determined. 
When analyzing the extract of GP, the recalculation was carried out on glucose and after determi-
nation, the conversion to the yield of reducing substances from dry GP was performed.

Method of furfural identification. To identify furfural from the extraction products, the 
nuclear magnetic resonance (NMR) method was used. The investigations were carried out on a 
multifunction spectrometer of ‘Bruker’ Avance II 400 MHz: 50 ml of the substance (furfural) were 
placed in an ampoule with a solvent (deuterated water or deuterated chloroform). The sample was 
placed in a strong homogeneous magnetic field H

o
 and acted on it by radiation with a frequen-

cy ν: 1H-400 MHz, 13C-100 MHz at temperature 293 K. Under these conditions, transitions from 
one nuclear magnetic level to another occur, which causes the phenomenon of nuclear magnetic 
resonance, i. e., the absorption of radio-frequency radiation. Absolute chemical shift (signal shift 
relative to the signal of an unshielded proton) can’t be experimentally determined, so the chemical 
shift is measured with respect to the signal of the reference substance. Chemical shifts (ppm) of 
the model furfural and obtained extract were compared with chloroform of CDCl

3
 as the model.

Method of gallic acid identification. For the production of tannins, when extracted by SCW, 
25 g of powdered GP was subjected to extraction at 110 °C, the hydro ratio 1:10, and a holding time 
of 30 min. The resulting extract was transferred to a separatory funnel. Dissolve 10 ml of sodium 
chloride in it and extract first 30 ml, and then 50 ml with a mixture of butyl acetate and butyl al-
cohol (3:1). The resulting solution of tannins in organic solvents was poured into a flask Wurtz, an 
equal volume of distilled water was added and distilled under vacuum in a boiling water bath. The 
resulting viscous mass was transferred to a porcelain bowl. To dry the resulting tannin, a porcelain 
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bowl was placed in a vacuum desiccator and a powder (tannin) of gray color with astringent taste 
was obtained.

Hydrolyzable tannins are derivatives of gallic acid, which not being a flavonoid, exhibits 
high antioxidant activity. Gallic acid can be obtained in pure form by the hydrolysis of tannins.

For gallic acid obtaining according to, 4 g of tannin and 40 ml of 50 percent sulfuric acid 
were heated on a boiling water bath for 10 hours. The cooled hydrolyzate was transferred to a sep-
aratory funnel and extracted 3–4 times with small portions of ether. The ether extract was dried 
and calcined by sodium sulfate, ether was distilled off. The residue was recrystallized from water.

Gallic acid was identified by NMR: 50 ml of the substance (gallic acid) was placed in an am-
poule with a solvent (deuterated water or deuterated chloroform). Recording parameters of spectra: 
chemical shifts (ppm) are given for D

2
O, 1H-400 MHz, 13C-100 MHz, temperature 293 K.

Method for evaluation the content of free organic acids in terms of tartaric acid. The deter-
mination of the titratable acidity (A) was carried out by alkylmetric titration with phenolphthalein 
as an indicator [15].

The content of free organic acids in terms of tartaric acid in absolutely dry raw materials in 
percent (X) was calculated according to the formula [16]:

( )a

V K 0,0075 V 100 100X ,
m V 100 W

⋅ ⋅ ⋅ ⋅
= ⋅

⋅ −

извл                                          
(4)

where 0.0075 is the amount of tartaric acid corresponding to 1 ml of sodium hydroxide solution 
(0,1 mol/l), g; V – the volume of sodium hydroxide solution (0,1 mol/l), which went to titration, ml;  
K – the coefficient of bringing the concentration of the alkali solution exactly to 0,1 n; Vextr – vol-
ume of extract, ml; V

a
–volume of extract sample taken for titration, ml; m – mass of sample, g;  

 
W – loss in mass when drying raw materials, %. 

( )
100

100 W−
 – conversion factor for absolutely dry 

raw material.
Evaluation of the extracts antioxidant activity. The antioxidant activity of the studied ex-

tracts and the kinetics of inhibition of free radicals were studied by the spectrophotometric method 
DPPH. For the experiment, 3,9 ml of a solution of DPPH with a concentration of 60 μM and 0,1 ml 
of the sample of the extract to be analyzed are introduced into the quartz cuvette. Absorption is read 
on a spectrophotometer for 30 minutes, after every minute. To determine the free radical concen-
tration, a calibration schedule was constructed.

The antioxidant activity of the extract was determined by the formula:

[ ] [ ]

[ ]
0 t

0

DPPH DPPH
AA% 100,

DPPH
−

= ⋅
                                               

(5)

[DPPH]
0 
– concentration of radical DPPH in set moment of time t = 0 sec; [DPPH]

t 
– concentration 

of radical DPPH determined on spectrophotometer after 30 sec.

4. Conclusions

As a result of the completed complex of studies and design and calculation work, a 
high-pressure reactor was created to conduct research on the extraction of GP by SCW and to de-
termine the parameters that ensure the maximum yield of various target products – BAS. The main 
technical and operational characteristics of the high-pressure reactor: the nominal volume of the 
working chamber is 0,68l, accuracy of temperature recording, ±0,5 oС, sensitivity of the pressure 
sensor − ±1 MPa, maximum pressure at room temperature, 40 MPa, the maximum temperature in 
the working chamber at an ambient room temperature of 400 oC, the estimated number of loading 
cycles at a pressure of up to 40 MPa is not less than 500 cycles.

Areas of experimentation are determined and methodical support for raw material prepara-
tion is formed (a technique for obtaining dry GP), qualitative and quantitative analysis of extracts, 
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produced by subcritical extraction (a technique for preparing samples and determining the yield 
of dry extractive substances, a method for evaluating the recovery of polyphenols (tannic-catechol 
complex), a technique for estimating the extraction of reducing substances, a technique for identi-
fying furfural and gallicacids, method for estimating the content of free organic acids in terms of 
tartaric acid, a technique for evaluating the antioxidant activity of extracts. This methodological 
complex makes it possible to comprehensively evaluate the physicochemical properties of the ex-
tracted BAS.
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