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Modeling the extraction process of medicinal raw materials

The review considers 26 mathematical models of the process of biologically active substances extraction
from medicinal plant raw materials, taking into account factors affecting the extraction process: diffusion co-
efficient, particle size, layer porosity, extractant feed rate, raw material grinding method, pressure, tempera-
ture and duration of extraction, individual characteristics of raw materials (content of the target component)
and technological equipment. In general, these models fall into four important groups: empirical models,
models based on heat transfer analogies, a shrinking core model, and models based on differential mass bal-
ance. Here were described problems that occur in the selection of mathematical models, first of all, associated
with the imperfect behavior of the flows of extraction liquids, and the inhomogeneous cross-section of the ex-
traction apparatus. It was shown that first of all the extraction process modeling requires mathematical mod-
els to describe the mass transfer inside solid particles. It is also important to take into account the solubility of
the target substances when simulating. It is shown that for describing the extraction processes, the optimal
models are Naik and Lentz, Esquivel, diffusion, H. Sovova mass transfer, damaged and undamaged cells for
calculating the main factors of extraction processes.

Keywords: mathematical modeling, mass transfer, diffusion, regression equation, criterion equation, optimi-
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Introduction

Extraction of medicinal plant raw materials is an integral and important process in phytochemical pro-
duction.

The theory and practice of the extraction process have been intensively developed in recent years due to
the increase in the technical equipment of pharmaceutical production, as well as the solution of problems
arising from the consideration of extraction processes in a solid-liquid system.

Analysis of the available information material and literature data indicates that three types of mathemat-
ical models can be used to calculate and optimize the process of extracting plant raw materials:

1. Model of differential equations of the process;
2. Model of criterion equations of the process;
3. Model of regression equations.
In this case, the general modeling scheme includes:
1) obtaining and analyzing the model;
2) the model check;
3) introduction to the model of factors that optimize the process, or optimization of the process
based on the model;
4) obtaining of a new model;
5) regulation of the production process to obtain optimal yield.

Optimization of the extraction process of plant raw materials requires knowledge of the corresponding
parameters of equilibrium and mass transfer, as well as the optimal operating conditions of the extraction
apparatus. Mass transfer and solubility parameters can be quantified by applying an adequate mathematical
model to laboratory experimental data. Each model includes several simplified assumptions about how the
solute is distributed inside the solid body and the mechanisms involved in the kinetics of mass transfer: in-
ternal and external resistance to mass transfer, as well as their combination.

Over the years, mathematical models have been developed using three different approaches: (a) empiri-
cal modeling; (b) based on simulations similar to heat transfer; and (c) simulations based on differential inte-
gration of mass balance. Empirical models are suitable in the case, when there is no information about the
mechanisms of mass transfer. However, the need of developing models that take into account mass transfer
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for the mathematical description of the phenomena, occurring during the extraction of plant raw materials,
remains relevant.

Main part

There are several models in the available literature materials to describe the supercritical fluid extrac-
tion of plant raw materials in the extraction of oils [1, 2]. In general, these models can be divided into four
important groups: empirical models, models based on heat transfer analogies, a shrinking core model, and
models based on differential mass balance. The last class of models has a distinctive physical meaning and
covers the coefficients of mass transfer in the liquid and solid phases or only in one phase. They take into
account characteristics of the material matrix, such as particle size and layer porosity. There is necessary to
determine different coefficients compared to empirical models. However, these models describe the trends
and mechanisms carried out by the extraction process [3].

Criterion equations and regression equations obtained by experimental design methods are suitable to
describe the extraction processes. The criterion equations interconnect a series of factors: raw material fine-
ness, mass transfer surface, extractant velocity, other hydrodynamic process conditions (pulsations, vibra-
tions), extraction time, concentration of substances in raw materials, coefficients of free and internal diffu-
sion and other factors. The second important direction in modeling is the implementation of research to
translate laboratory experiments into factory production conditions. Most criterion equations do not take into
account the criteria of geometric similarity and are not suitable for production conditions.

To ensure maximum results by varying process conditions is an important production task in the devel-
oping a mathematical production model. Usually the maximum result (most often the yield or the lowest cost
of the product) is closely related to some uncontrollable factor, such as the content of substances in the initial
raw materials. Therefore, it is advisable to put this value into the model as one of the factors.

Modeling of mass transfer during continuous supercritical extraction by carbon dioxide is necessary for
a deep understanding of the mechanisms of the process before it can be used for design, operation, monitor-
ing, process control and optimization. Authors of the work [4], made a mathematical model (1) of the pro-
cesses of supercritical fluid extraction of Lupinus albus L. seeds, which included system of integro-
differential equations with a core determined by the function of the particle size distribution density:

fa)=(1-r)d(a—1)+rdla—a), (1)
where r — is the part of grains of fine fraction (dust); & — is the Dirac delta function.

This model taking into account the polydispersity of the granular layer and the process of mass transfer
of components inside the particle through the intercellular channels.

The authors of the work [5] presented the process of supercritical fluid extraction of plant raw materials
as extraction with cross-flow and a constant distribution coefficient (2). They derived a dependence that has
good agreement with experimental data and it is described by the equation:

y =k / x{arcsin[sin(mx)]}*, ()
where £ — is the equilibrium concentration of biologically active substances in the extractant at the time of
its saturation; m — is the time of one extraction cycle; x — is the extraction time; y — is the concentration of
biologically active substances in the extractant.

Tan and Liou [6] proposed a one-parameter model describing a desorption of activated carbon loaded
with toluene by supercritical fluid extraction.

In the work [7], theoretical models of diffusion of a hot ball, damaged and undamaged cells, shrinkage
core and other relatively simple models are reviewed. Modeling process parameters include average particle
size, solvent flow rate, pressure, temperature, and modifier concentration and their effect on mass transfer
coefficients.

The mechanisms involved in the mass transfer model are described in terms of resistance to external
and internal mass transfer, the interaction of a dissolved substance and a solid body, and axial dispersion.
Based on the studies carried out, the model of a damaged and undamaged cell has been determined to be
suitable. It can be used to simulate supercritical fluid extraction as it reflects the solid structure and kinetics
of the extraction process and allows scale up of laboratory data for industrial design. This is confirmed by
work [8] on the example of extraction of lupulon from Humulus seeds by supercritical fluid extraction.

The authors of [9] investigated the yields of essential oil components during supercritical fluid extrac-
tion (P = 7-15 MPa, T = 16-50 °C) on the example of plants of the Apiaceae and Asteraceae families. At the
same time, it was determined that the resistance to mass transfer is negligible when extracting the compo-
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nents of essential oils and does not depend on the degree of grinding of the raw materials. It has a significant
effect only during the extraction of Piper nigrum L. and Myristica, where the extract yield directly depends
on the degree of grinding of the raw materials. Based on experimental data, a mathematical model has been
developed that describes the kinetics of extraction and takes into account the structure of plant raw materials.

Models of CO,-extraction of Ocimum basilicum L. were studied by the authors of [10], while the fac-
tors influencing the yield of the target substances, pressure and temperature were chosen. Brunner's, Candio's
and Spiro's models, Esquivel's empirical model, Gordillo's model and others were considered in the work. It
was found that the process of CO,-extraction of Ocimum basilicum L. for the extraction of linalool is most
closely described by the Gordillo model, while its solubility is strongly dependent on pressure. At the same
time the process of eugenol extraction is described by the Del Vale and Aguilera model, which characterizes
the dependence of solubility on temperature.

The kinetics of the extraction process of Satureja montana L. with supercritical carbon dioxide for the
quantitative extraction of essential oil components has been studied. Modeling was carried out using the
equations of Ficks, Esquivel, Chrastil, Valle and Aquilera, Adachi and Lu, Sparks. It was established that all
models have a similar deviation from the experimental data, and the Esquivel model most closely describes
the extraction process of Satureja montana L. [11].

Researchers at the Institute of Technology (Brazil) [12] have studied the process of extracting citronella
essential oil, which contains more than eighty components. It has been established that the quantitative ex-
traction of the sum of components of the essential oil of Cymbopogon nardus L. is achieved at 18.0 MPa and
at of 80 °C temperature. The Naik and Lentz models were used to calculate the extraction process; they
showed good agreement with experimental data.

A mathematical model for the extraction of essential oil by steam distillation, based on Fick's law in a
non-stationary state for a one-dimensional geometry of a rectangle, was calculated using the example of ex-
traction of Rosmarinus officinalis L., Ocimum basilicum L. and Lavandula dentata L. [13].

The effective diffusion coefficient (D) is used in the model as an adjustable parameter to predict the ex-
perimental yield curves of the essential oil. It was found that the diffusion mathematical model based on
mass transfer has good agreement with experimental data.

Modeling of the process of supercritical fluid extraction of Anethum graveolens L. seeds is given in the
work [14]. Pressure, temperature and flow rate of CO,-gas are determined as factors influencing the yield of
the target substance. Two models were used for modeling. One is based on desorption, the second is based
on the classical model of mass transfer proposed by H. Sovova [15]. The calculation results showed that both
models are in good agreement with experimental data, but the second model requires more accurate initial
calculations [14].

The process of CO,-extraction of Sesamum seeds has been optimized according to the following tech-
nological parameters: pressure, temperature, CO,-gas supply rate and raw material grinding. It was estab-
lished that an increase in the pressure and flow rate of CO,-gas increases the extract yield and shortens the
extraction time, an increase in the degree of seed refinement and a decrease in diffusion resistance also in-
crease the yield of extract. Quantitative yield (85 % with hexane extraction) is achieved under the following
conditions: 35 MPa pressure, 50 °C temperature, 2 ml/min CO,-gas supply rate and 300-600 microns parti-
cle size. Shrinking cores and undamaged cores mathematical models were used to describe the extraction
process. The shrinking cores model is possessed the best convergence to experimental data [16].

Researchers from the Plapiqui University (Argentina) [17] have proposed a new two-dimensional non-
stationary mathematical model for the extraction of plant oil from sunflower pellets in an industrial extractor
of De Smet type. Extraction from a moving layer of oil material was modeled taking into account the differ-
ent availability of oil in pellets, counter-flow of porous substance and micelle, diffusion over the entire ex-
traction area, mass transfer between granules and micelles, micelle transfer to percolation areas, loading and
drying zones, as well as transient operation of the extractor.

To describe the process of supercritical CO,-extraction of corn oil cake, researchers at the University of
Albert (Canada) used the mathematical models of Sovova and the model of Krastil [18]. It has been estab-
lished that the quantitative extraction of biologically active substances from corn oil cake is achieved at
49 MPa and at 70 °C temperature; both models have good agreement with experimental data.

The effect of drying conditions on the composition of supercritical extracts obtained from olive leaves
was studied [19]. The leaves were dried on a conveyor belt and the effect of air temperature and residence
time on the extraction kinetics, overall yield, antioxidant activity, total polyphenols and the chemical compo-
sition of the extracts was assessed. It was established that the drying conditions do not affect on the kinetics
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of extraction. In this case, the quantitative yield was achieved at 60°C temperature and at 120 minutes as dry-
ing time. To describe the process of CO,-extraction of olive leaves, the H. Sovova model was used, which
showed good agreement with experimental data.

The H. Sovova model is widely used to optimize the process of extracting biologically active substanc-
es from plant raw materials. So its use to describe the extraction of Salvia officinalis L. by the method of su-
percritical fluid extraction made it possible to calculate the initial coefficients for multifactorial modeling of
the process by an artificial neural network [20]. At the same time the model H. Sovova can also be used in-
dependently to optimize supercritical fluid extraction of plant raw materials [21-35].

A modeling approach based on thermodynamic and mass transfer phenomena confirms the Brunauer-
Emmett-Teller adsorption theory, which was used in the study to correlate supercritical fluid extraction data
from Eryngium billardieri L.

A response surface methodology based on a central composite design was used to assess the effects of
operating conditions such as pressure, temperature, particle size and dynamic time. The quantitative yield of
essential oil was 0.8522 % at 30 MPa pressure, 308 K temperature, 0.75 mm particle size and 130 minutes as
extraction time. The predicted results showed that the response surface method is in satisfactory agreement
with the experimental data. To describe the study, a quadratic model was chosen, including linear, interactive
and quadratic terms [36].

First proposed by Dankwerts [37], dispersion models have come to be widely used to describe reactors
with imperfect flow. The model was built on the basis of a constant linear velocity of the correspondent fluid
flows. This problem creates difficulties in formulating and simulating the model when the fluid velocity
changes along the flow path. This situation occurs when the reactor has a non-uniform cross-section or the
void fraction changes along the flow path, which is very common in modern reactors. It has been noted that
most continuous flow reactors operate at approximately constant flow rates. Given this Siripatana et al. [38]
simplified the dispersion model by reformulating the model in terms of volumetric flow rate rather than line-
ar velocity. The model was called the “volumetric dispersion model” and was used for counter-current ex-
traction and adsorption in a fixed bed. Previous work has illustrated the simplicity of a volumetric dispersion
model in describing the effect of inhomogeneous cross-section and variable steam quality along reactors
[39]. Different mathematical models have been used in previous studies of supercritical fluid extraction, but
most of them did not take into account the role of axial dispersion [9, 40, 41]. Nevertheless, some researchers
have formulated models based on the formulation of Dankwerts [42—47]. Their models mainly focus on a
situation where the fluid velocity is constant in the processing unit and it is not easy to extend them to predict
the performance of non-uniform flow reactors/extractors. It is desirable to have a supercritical fluid extrac-
tion model that can be used to design and analyze non-uniform flow extractors. It is expected that volumetric
variance model will simplify and expand design capabilities without unnecessary mathematical complexity
[48].

Modeling of thermodynamic phase equilibrium and optimization of supercritical CO,-extraction pro-
cesses for the concentration of phytosterol and tocopherol from rapeseed oil using the Striek-Vera Peng-
Robins (3) state equation made it possible to increase the yield and quality of target substances. While the
average relative deviation of experimental and calculated data is about 1-12 % [49].

n exp EOS §Xp _ EOS
objective = lz abs(F i) +£z abs(yl Y ) , 3)
no P n o yir

here n — is the number of data points; F'— is a weighting parameter; P — is the pressure (MPa); y — is a
gas composition (mole fraction).

The phenomenological model (4) for the supercritical extraction of alkaloids nicotine and solanesol
showed that for the quantitative extraction of target substances, their solubility must be taken into account.
This is in good agreement with experimental data showing that a lower pressure is required for the extraction
of solanesol (15 MPa) than for nicotine (37 MPa) [50].
kscr * agep * (%) k.

1+e ' s g , (4)
l+e 14"
here kscr*ascr — 1s the external mass transfer; ks*ag — is the internal mass transfer; factor /' characterizes
intermediate stage global extraction process.

K.a =

(1-tcy)
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Conclusions

Thus, the carried out analysis shows that for the transition from laboratory conditions to large-scale
production, it is relevant to develop models that directly take into account the parameters of the extraction
process, such as pressure, temperature and extraction duration, individual characteristics of raw materials and
technological equipment. An empirical approach prevails or simplified differential equations of material bal-
ance are used to describe the kinetics of the plant raw materials extraction process. In this case, the
H. Sovova mass transfer model and the damaged and undamaged cell model are considered to be relatively
adequate models.

The work was carried out under the grant project AP08052030 "Modeling and optimization of the tech-
nology of original drugs"” funded by the Science Committee of the Ministry of Education and Science of the
Republic of Kazakhstan.
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N.A. Xabapos, B.B. Xypos, A.H. XKXabaesa, C.M. AnekeHoB

Japijiik MMKI3aTTHI IKCTPAKIUAIAY YAEePiCiH Moaebey

Makanaga mopimiK OcCIMIIK INMKi3aThIHAH OWOJNOTHSIIBIK OCJICeHAI KOMIOHEHTTepAl AKCTpaKIMsuIay
yIepiciHiH 26 MaTeMaTHKaIBIK MOJETl KapacThIPBUIFAH, OJlap INBIFAphIl ally YJepiciHe acep eTeTiH
(axropmapael  eckepeni: aubdy3us KodpQuIMeHTi, OeINIIEKTepAiH Meimepi, KabaTTBIH KeyeKTiri,
9KCTpareHT Oepy >KbUIIAMABIFBI, MIMKI3aTTBl YcaTy TOCLNi, MIBFAPBIN Ay KBICBIMBI, TEMIIEpaTypacsl MEH
Y3aKTBIFbl, IIHMKi3aT (MakcaTThl KOMIIOHEHTTIH KYpaMbl) II€H TEXHOJOTHSJIBIK KAOABIKTBIH JKEKe
cunarramacsl. JKanmsl anrania, Oyl MOJENbAep TOPT MaHbI3/bl TONKA O6iHeAl: SMIMPUKAIBIK MOJECIBIED,
KblTy Oepy aHAJIOrTapblHa HETI3/ENreH MOJEIbAED, CHIFBUIATBHIH SAAPO MOJENbACP] JKOHE MacCaHbIH
nuddepeHManabpl Tere-TeHAIriHe Heri3geireH Mojenbaep. MaTeMaTHKalblK MOJETbIACpIl TaHaayxa eH
IABIMEH, OSKCTPAKIVSUIBIK CYHWBIKTHIKTAp aFbIHAAPBIHBIH HJACAIbl €MeC OpeKeTIMEH, OSKCTPAKIHSIIBIK,
anmaparTapbH OIpTEeKTi eMec KoJeHeH KUMAachIMeH OailJIaHBICTHI MoceJIeliep CUMATTaFaH. DKCTPAKIHSIAY
YZepiCiH Mozenbaey, €H ajgbIMeH, KaTThl OeNIIeKTepHiH INIHZeri Macca TachIMAIBIH CHIATTay YLIiH
MaTeMaTHKaIbIK MOJENbIepAl KaxeT ereTiHi kepcerinreH. CoHpali-ak, MOJENbICY Ke3iHAEe MaKCaTThI
3aTTap/bIH epIirilTiriH eckepy KaxerT. JKyprizinreHn Tangay Heri3iHIe ©CIMAIK MIMKI3aTHIHAH OMOJIOTHSIIBIK
OencenHzi 3aTTapabpl IKCTpaKLMsUIAy ylepicTepiHiH Herisri (akTopiapblH ecentey YurH Aud(Qy3usuIbIK,
H. Sovova, Naik »xone Lentz, Esquivel, Oy3puiraH jxoHe 3aKbIMIaIMaraH YSILIBIK MOJENbACP] OHTaMJIbI
00JIBIIT TAOBUIATHIHEI AHBIKTAJIbI.

Kinm ce3dep: maTeMaTHKaNbIK MOJICBACY, Macca TachiMaiay, 1udGy3us, perpeccus TeHIeyl, KpUTePHIATiK
TeHJEY, OHTaHIaHABIPY, SKCTPAKIUS, TOPLIIK IIHKi3aT.

N.A. Xabapos, B.B. Xypos, A.H. XKXabaesa, C.M. AnekeHoB
MoaesupoBaHue NPOLECCAa IKCTPAKIHUHU JTEKAPCTBEHHOI0 ChIPbi

B O630pH0171 CTaTbC PaCCMOTPECHBI 26 MaTeMaTUYECKUX MOJCIeH npouecca 3KCTpakiuuu OHMOJIOTHUECKH aK-
THUBHBIX BCHICCTB U3 JICKAPCTBCHHOI'O PACTUTCIIBHOI'O ChIPbS, YUYUTHIBAIOIINUC q)aKTOpLI, BJIMAONIUE HA IIPO-
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Hecc usBnedeHus: kodpduuuent auddysum, pasmMep yacTull, MOPUCTOCT CIOS, CKOPOCTh MOJAYH KCTpa-
TEHTa, CIOCO0 U3MENbUYEHHUS ChIPbs, JaBICHHE, TEMIEPATYPY U MPOAOILKUTENLHOCTh N3BIICUSHNUS, HHIUBULY-
aJIbHYI0 XapaKTEePUCTHKY CBIPbs (COAEpKaHHE LENEBOr0 KOMIIOHEHTAa) M TEXHOIOTHUECKOTO 000pyI0BaHHSI.
B nenom, ati Mojenu JenATCA Ha 4EThIpe BaXKHbIE TPYIIIIBL: AIMIIMPUYECKUEC MOJICIIH; MOJIEJIU, OCHOBAHHBIC HA
QHAJIOTHSAX TEIUIONepeladl; MOAENb CKMMAIOLIErocs sApa M MO, OCHOBaHHBIE Ha MU (EepeHITHAIEHOM
Gamance mMacchl. Onucanbl MPoOIEeMBI IIPU T0100pe MaTeMaTHIECKUX MOJIeIeH, CBA3aHHBIX, IIPEXKIIE BCETO, C
HeHJIeallbHbIM [OBEJCHUEM IIOTOKOB SKCTPAKIMOHHBIX JKUAKOCTEH, HEOAHOPOJHBIM IIOIEPEUHBIM CEYCHUEM
SKCTPAKIMOHHBIX ammapaTtoB. IlokasaHo, 4To MoOJEIMpOBaHHE IpOIECca SKCTPAKIUU, B MEPBYIO OUYEpE.b,
TpebyeT MaTeMaTHYECKUX MOJENeH Ul OMICaHUsl MacCONepeHoca BHYTPU TBEPBIX YacTUll. Takxke mpu Mo-
JETMPOBAHUU BaXKHO YYUTHIBaTh PACTBOPUMOCTH LIENEBBIX BemiecTB. Ha ocHOBaHMHM MPOBEAEHHOTO aHAIM3a
OIIPEIENICHO, YTO A pacyeTa OCHOBHBIX (DAaKTOPOB 3KCTPAKLMOHHBIX IIPOLECCOB OMONIOIHYECKH aKTUBHBIX
BEIIECTB M3 PACTHTEIBHOTO CHIPbS ONTHMAJIBHBIMH SIBISIIOTCS Mozeni: nuddysuonnas, H. Sovova, Naik n
Lentz, Esquivel, pa3pymenHoi 1 HETOBpeXICHHOI SUeHKH.

Kniouesvie crosa: MaTeMaTHIecKOe MOJCIMPOBAHUE, MAacCONIEpeHOC, TU(dy3Hs, ypaBHEHHE PETPECCHH, KPH-
TEpUAIbHOE YPaBHEHUE, ONTUMU3ALMS, SKCTPAKLUS, PACTUTEIBHOE ChIPBE.
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