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Comparative analysis of thermal decomposition kinetics of carbon dioxide extract
from Scabiosa ochroleuca and Scabiosa isetensis at different heating rates

It was presented the analysis of various calculation methods of kinetic parameters of thermal decomposition
of CO,-extracts samples that were distilled from Scabiosa ochroleuca and Scabiosa isetensis according to the
data of dynamic thermogravimetry. The studies were carried out in air at different heating rates (from 5 to
25 deg/min). Experimental data of TG/DTG/HF methods were processed in accordance with the following
kinetic models, namely, Friedman and Flynn-Ozawa-Wall to obtain the kinetic parameters. The use of the
above mentioned models makes it possible to determine graphically the effective values of activation energy
and pre-exponential factor at different heating rates of the sample and conversion degree. Non-parametric ki-
netic method was applied (NPK) for objective estimation of complex processes proceeding. in parallel with
thermal destruction. Non-parametric kinetic method (NPK) is a special approach for processing of kinetic da-
ta. Method is a new viewpoint to kinetic analysis, which is based upon rounding of results of single-stage
process kinetics. Therefore, simultaneous use of data of TG/DTG/HF methods for kinetic analysis provide us
with complete picture of thermal decomposition of carbonic extracts samples obtained from Scabiosa
ochroleuca (cream scabious) and Scabiosa isetensis (lomelosia isetensis). In the result section of this study it
is proved that the values of kinetic parameters determined by thefuse of different methods that correspond
well with each other.

Keywords: COy-extract, Scabiosa ochroleuca, Scabiosa isetensis, thermal analysis, thermal destruction, kinet-
ic parameters, isoconversion method, nonparametric kinetics.

Introduction

Technological process of extracts obtaining with .carbon dioxide use is considered to be environmental-
ly-friendly method and it allows us to obtain lipophilic extracts by means of organic solvents such as extrac-
tion petrol, hexane, petroleum-ether and other. From the chemical point of view carbon dioxide is considered
as a substance inert to extracted components of raw material [1]. Therefore, extraction by means of carbon
dioxide can be considered as the base of creation and implementation of non-waste, environmentally-friendly
producing technologies [2, 3]. For standardization of biologically active substances (BAS) obtained by the
method of carbonic extraction method we need reliable data about their physical-chemical properties.
Yu.A. Lebedev et alias pointed out that the role of standardization is the most important factor of scientific
and technical progress.

Within the framework of this work it was carried out the investigation of thermal conversion of CO,-
extracts samples that ‘were distilled from Scabiosa ochroleuca and Scabiosa isetensis, and study and con-
struction of formal kinetiemodel by means of non-linear regression of isothermal curves.

Experimental

CO, extraction of S. isetensis and S. ochroleuca was carried out using air-dry raw material (cut-up aeri-
al parts of plants) at 7=291-294 K and pressure in P=69.76 atm, during 16—18 hours; the process was per-
formed on the technical equipment «UUPE» produced by the manufacturing company «Phyto-Aromaty» LLP
(Almaty, Kazakhstan) (Table 1).

Table 1
Parameters of carbon dioxide extraction process
Type of SMHO (Starting Number Work pres- o . .
Materials of Herbal Origin) Mass, g of material sure, atm Temperature, °C | Time, h Yield, g
¥ 69-72 18-21 18 12
S. ochroleuca 2600 P 76 5 6 10
S. isetensis 350 1 72 21 18 2
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Yield for S. isetensis is equal to 0.57 %, and it is equal to 0.85 % for S. ochroleuca.

Infra-red spectra of CO,-extracts were obtained using infrared Fourier Spectrometer FSM 1201.

The study of thermal properties of CO,-extracts was performed on Labsys Evolution DTA/DSC
Differential Scanning Calorimetry (DSC) produced by the «Setaram» brand in dynamic regime within tem-
peratures range from 30 °C to 500 °C degree during the heating rate from 5 to 25 deg/min in air in the AL,Os
crucible.

Results and discussion

Carried out analysis studying the growth conditions, investigation of composition and biological activi-
ty of CO,-extracts obtained from Scabiosa ochroleuca (cream scabious) and Scabiosa isetensis (lomelosia
isetensis) reveal that producing of pharmaceutical products from S. ochroleuca and S. isetensis s very.prom-
ising area in pharmaceutical technologies. The basic components of carbon dioxide extraction of S. isefensis
and S. ochroleuca are 1.8-cineol, a-santonin, a-thujone, and unidentified constituent, hypothetically — ster-
oid. CO,-extract of S. ochroleuca also contains n- hexadecanoic acid, campesterol, and the S. isetensis con-
tains B-thujone [4].

We carried out the analysis using thermogravimetry (TGA) and Differential Scanning Calorimetry
(DSC) in the temperature range of 30-500 °C for two samples of CO,-extracts; it was carried out for the
study of transition temperature reproducibility, and for development of formal kinetic. model through the
non-linear regression of isothermal curves TGA/DSC. Figure 1 (a, b) present comparative thermal curves of
weight loss (TG), the rate of weight loss (DTG) and heat effect (HF) of decomposition of CO,-extracts
(Scabiosa ochroleuca and Scabiosa isetensis) at a constant heating rate () of 10 deg/min in air flow.
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Figure 1. TG, DTG/HF curves for CO,-extracts: Scabiosa ochroleuca (a), Scabiosa isetensis (b) in air

We can see from the figure (a) that the process of decomposition of CO,-extract distilled from Scabiosa
ochroleuca (cream scabious) begins at the temperature of 52 °C. Within temperatures range from 52 °C to
100 °C sample_of COy-extract (Scabiosa ochroleuca) loses 15 % of its weight (TG curve). Analysis of DTG
curves (Fig. 1, a) reveals that desorption of associated water is carried out up to temperature of 128 °C. This
fact can be explained by the difficulty of breaking hydrogen bonds among water molecules and polar func-
tional groups of CO,-extract distilled from Scabiosa ochroleuca. Then process of decomposition accelerates
and weight loss at the temperature of 128-247 °C degrees is equal to 7 %. On HF (Fig. 1, a) curve we can see
slightly marked endothermic process that proves sample burning at the temperature of 245-369 °C degrees.

Figure 1 (a, b) shows that thermal decomposition of CO,-extracts: Scabiosa ochroleuca and Scabiosa
isetensis is carried out in four stages. Removal of volatile substances and water is performed on the first and
the second stages, thermal decomposition of the sample is on the third stage, and the removal of thermal de-
composition products is on the fourth stage (Table 2).
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Table 2
Thermo analytical data of analyzed CO,-extracts: Scabiosa ochroleuca and Scabiosa isetensis

B, °C/min | Process | T; (°C) | T, (°C) | Tuwawxorc O | Tuwesr (°C)
Scabiosa ochroleuca

1 35 94 52 43

10 11 96 175 128 171
111 226 266 245 256
v 302 432 367 359

Scabiosa isetensis

1 59 103 86 48
10 11 191 244 222 206
111 246 302 284 288

v 301 415 389 401

Infra-red spectra of CO,-extracts made before dynamic thermogravimetric experiments are presented on
the Figure 2 (a, b): Scabiosa ochroleuca (a), Scabiosa isetensis (b).
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Figure 2. Infra-red spectra of CO,-extracts: Scabiosa ochroleuca (a) and Scabiosa isetensis (b)

Investigations by the use of infrared spectroscopy [5] method reveal (Fig. 2, a, b) that 2940, 1420 cm’'
are characteristic to C—H vibrations. Infra-red spectrum of carbonyl compounds contains absorption bands
1650 cm™ characteristic to C=O groups. Spectrum of alcohols contains absorption bands 1420, 1060 cm™
referring to C=0 vibrations in secondary alcohol and asymmetric C—O—C aliphatic simple ethers, also va-
lence vibrations in the area.of 3350 cm™ caused by valence vibrations of O—H bonds (involved into hydrogen
bond of OH group, wide band).

After thermal treatment of CO,-extracts (Scabiosa ochroleuca (a) and Scabiosa isetensis (b)) the speci-
ficity of infra-red spectra changes significantly. Comparative intensity of absorption bands of groups de-
creases but the bands are present in the spectrum after thermogravimetric analysis.

Process of thermal decomposition is very complicated and it is comprised of decomposition of CO,-
extracts (Scabiosa ochroleuca, Scabiosa isetensis) and the cause of kinetic analysis chooses.

It was carried out kinetic analysis with the use of isoconversion methods of Friedman (FR) [6] and
Flynn-Ozawa-Wall (FOW) [7, 8]; it was used the method of nonparametric kinetics (NPK) [9] for the objec-
tive evaluation of complex processes running parallel to thermal decomposition.

The use of the above mentioned models makes it possible to determine graphically thermodynamic pa-
rameters of thermal decomposition of CO,-extracts, namely, Scabiosa ochroleuca, Scabiosa isetensis at dif-
ferent heating rates and conversion degrees (Tables 3a and 3b). Graphic forms of kinetic model of one of the
CO,-extract samples distilled from Scabiosa ochroleuca were presented as examples in the Figure 3 (a and b).

It should be mentioned the significant change of activation energy depending from conversion degree
(Fig. 3, a). This fact revealed that decomposition process of CO,-extract distilled from Scabiosa ochroleuca
occured according more than one variant of the process. In this case it will be necessary to use other kinetic
method of study that will be more effective for determination and separation of these processes that are not
presented in numerical expression (Fig. 3, b).
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Figure 3. Graphical results of analysis determined by the methods of Friedman (a), Flynn-Ozawa-Wall (b)
for CO,-extract distilled from Scabiosa ochroleuca (cream scabious) at heating rates from 5to 25 deg/min

Obtained values of activation energy that depends on conversion degree correspond to the fourth pro-

cess and they are presented in the Table 3.

Table 3

Kinetic parameters according methods of Friedman and Ozawa-Flynn-Wall at different heating rates

(a) Scabiosa ochroleuca (cream scabious)

Friedman method Ozawa-Flynn-Wall method

¢ E,, kJ/mol ) InAx10°, min™ r E,, kJ/mol S InAx10°, min™ r

0.1 42.89 0.02 14.62 0.99 40.25 0.02 15.11 0.99
0.2 53.31 0.26 12.20 0.96 50.75 0.22 12.47 0.96
0.3 57.25 0.02 10.08 0.98 54.85 0.02 10.45 0.98
0.4 68.65 0.27 8.97 0.97 65.57 0.24 9.24 0.97
0.5 70.83 0.02 6.94 0.99 68.17 0.02 7.41 0.99
0.6 81.47 0.15 5.00 0.98 79.30 0.14 5.54 0.98
0.7 91.23 0.02 392 0.99 88.69 0.02 4.47 0.99
0.8 101.24 0.16 231 0.98 98.58 0.11 2.84 0.98
0.9 104.87 0.02 1.30 0.99 101.99 0.02 1.88 0.99

(b) Scabiosa isetensis (lomelosia isetensis)
Friedman method Ozawa-Flynn-Wall method

* E,, kl/mol 8(E) InAx10°, min’! r E,, kJ/mol S(E) InAX10°?, min”" r

0.1 41.32 0.02 15.83 0.99 40.97 0.02 16.71 0.99
0.2 51.22 0:16 13.21 0.96 50.47 0.22 14.29 0.96
0.3 55.72 0.02 11.27 0.98 54.17 0.02 12.17 0.98
0.4 66.71 0.17 10.43 0.97 65.27 0.14 11.12 0.97
0.5 69.36 0.02 8.23 0.99 67.69 0.12 9.10 0.99
0.6 80.31 0.90 6.19 0.98 81.12 0.01 7.09 0.98
0.7 89.87 0.02 5.11 0.99 88.34 0.02 6.11 0.99
0.8 99.23 0.10 3.22 0.98 99.31 0.10 4.23 0.98
0.9 103.06 0.02 2.56 0.99 102.71 0.07 341 0.99

Note. o — conversion degrees; £, — activation energy; 8, — is the relative error of the experimental dot; 4 — pre-

exponential factor; » — is the correlation coefficient.

Values of activation energy (Table 3) are differed on 0.4-0.6 %, thus, mathematical exactness of ap-

plied methods is satisfactory. Values of relative error (o)

(Table 3) certify high exactness as well. Analysis

showed that attained kinetic dependences were described the most adequately within the framework of mod-

el F, (first-order dependence in relation to ).
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For kinetic analysis of thermal destruction process of studied samples was also used the method of non-
parametric kinetics. Method of nonparametric kinetics (NPK) [10, 11] is particular approach for kinetic data
processing. The method is new point of view of kinetic analysis based on the rounding the results of stadial
process kinetics. Experimental values of reactions rates are located in the matrix which is expressed as prod-
uct of two vectors containing the information on k(7)) and g(o). Actually, this mathematical model is the

result of equation (1).
r=g(a)-k(T). (1)
Method of NPK is based on the use the algorithm of singular value decomposition (SVD) for M<matrix
decomposition into two vectors [11]. M-matrix can be analyzed in a certain way:

M =U(diag-S)-V". )
The most significant peculiarity of this method is that it can decomposes submatrix in regard to temper-

ature (V) and conversion function (U), there is no need to make any to make any suggestions about their
functionality. Data were obtained during the analysis of vector u (first column U) in regard to kinetic model

presented by Sestak and Berggren [11]: g(o)=a " (1-0)", so, the vector v (first column V) — tempera-

ture dependence 7 in Arrhenius equations. Meaning of explained variation A , expresses the contribution of
each of simultaneous stages for whole process of thermal decomposition, therefore, Xk ;=100 % .

Results of NPK method are systematized in the Table 4, dependence of reaction rate (Z—?) from tem-

perature (7') and conversion degrees (o) were interpolated as the surfaces in three-dimensional space
(Fig. 4).

Figure 4. Surface of CO,-extract distilled from Scabiosa ochroleuca in three-dimensional space:
dependence of reaction rate (da/d7T) from temperature (7) and conversion degree (a) in air

Table 4

Kinetic parameters of thermal decomposition of CO,-extracts. Scabiosa ochroleuca, Scabiosa isetensis
were evaluated with the use of the method of nonparametric kinetics (NPK)

A E 4 Sestak-Berggren SA-E
Sample o/ a’ Y n m m u a?
% kJ/mol s g(a)=a"(1-a) kJ/mol
1| 571 30.41 1.23x107 1 — (1-0)
Scabiosa 2 | 270 51.87 1.03x10" - |13 o
ochroleuca 3] 113 77.93 1.37x10% 2 1 o (1-0)° 107.51+1.8
4 | 46 99.52 1.71x10% | 4/5 | 1/3 (1-0)* o'
1 | 59.7 34.64 2.04x10" 01 | - (1-0)™"
Scabiosa 2 | 225 68.05 1.40x10"™ - ] o1 o
isetensis 3 | 133 87.54 0.70x10°" 2 1 o (1-0)° 108.04-2.2
4 | 45 101.43 1.95x107 13 | 2/4 o (1-0)™
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Conclusions

Simultaneous use of data of TG/DTG/HF methods for kinetic analysis provide us with complete picture
of thermal decomposition of carbonic extracts samples obtained from Scabiosa ochroleuca (cream scabious)
and Scabiosa isetensis (lomelosia isetensis). It makes possible to evaluate the kinetic parameters using dif-
ferent kinetic methods, to compare the values activation energy obtained from various experimental data
(TG, DTG and HF). Kinetic parameters were estimated with the use of methods of Friedman, Flynn-Ozawa-
Wall, and method of nonparametric kinetics (NPK).

It is evident that obtained values of activation energy and thermodynamic characteristics allow us to
forecast the composition, also they may be used as fiducial marks at the standardization of samples of
CO,-extracts.
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M.A. Kynycosa, A.2K. CapcenbekoBa, P.M. AGnymiabexoBa, 11.B. durypunene

Scabiosa isetensis wdne Scabiosa ochroleuca CO,-3KkcTpaKT YIrijiepiHin
IPTYPIIi KbLIIAMIBIKTA TEPMUSIIBIK bIIBIPAYIaPbIHbIH
CAJIBICTHIPMAJIbI KHHETHKAJIBIK TAJAaYbI

JluHaMUKaJbIK TepMOTpaBUMETpUsl MoIiMeTTepi HerisiHme Scabiosa isetensis xoue Scabiosa ochroleuca
CO,-9KCTpaKT YATUIEpPiHIH TEPMHUSUIBIK BIIBIPAYBIHBIH KHHETHKAJBIK MapaMeTpiepiH ecenTey omicTepiHiy
capanTamachl YChIHBUIIBL. OCBI MakcaTTarbl 3epTTeyJep ChIHANATHIH YITiHI aya arMocdepacbiHIa apTypii
KBUIIAMIBIKIICH KbI3ABIPY 9/iCi apKbUIBI XKYprizinai: 5-25 rpamy/mMun. OpTypiii dKCIEpUMEHTAIbI MATiMET-
tepaeH (TG/DTG/HF) anbinfan nepekTep KHHETHKAIBIK MapaMeTpliepi anyra Oarpirtanran OpuaMaH jxoHe
Onunn-0O3aBa-Your KHHETHKAJBIK MoJenbiaepine coiikec enmenmi. JKorapeiia aramFaH MoJesbIepai
KOJIaHy ChIHAJATHIH YJTiHIH OPTYPJi KBULAAMABIKTA KbI3FaH LIAFBIHIAFbl JKOHE KOHBEPCHSUIAHY JIopexkeci
JKaFJalbIHaFBl OEJICCHIIPIITeH SHEePrHACHIHBIH KOPCETKIMTEPiH JKOHE SKCHOHEHIHANABl KoOeHTKITepiH
rpaduKanbIK Typ/e aHBIKTayFa MYMKiHAIK Oeprai. TepMHSIIBIK DeCTpyKIMSMEH KaTap JKYPeTiH KelreHIi
nporectepi 00BeKTUBTI Oaramay ymriH mapamerpiik emec kuHerwka ofici (IIEK) maimamamemimer. TTEK
KUHETHKAJIBIK JIEPEKTEPAi OHJICY/IiH epeKilie Tociii 0omnbin Tadbutanbl. SIFHu, Oy ofic Oip Ke3eHAiK yAepicTiH
KUHETHKAJIBIK Talfay HOTHXKEIEPiHIH KOpPCEeTKILITepiH AOHreleKTeyre HEri3feNIreHAIKTEeH, KHHETHUKAJIBIK
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Taljayra JereH jKaHa Ke3KapacThl KalbINTACTBIPBIT OThIp. Ocbulaiilla, KUHETUKAJIBIK Taljay >XYprizy
makcateiia TG/DTG/HF nepekrepin 6ip Mesringe koimany 0isre Scabiosa isetensis (aKIIbUl capbl
ckabuosa) xoHe Scabiosa ochroleuca (ucer cxabuo3acel) KOMIpTeri JUOKCHAIHIH JKCTPAKT YITUIEPiHIH
TEPMOCCTPYKIIMSFA YIIbIpay MPOLEC] KAl TOJIBIK MaFiIyMaT ajlyFa MyMKIiHZIK Gepeni. 3epTTey HOTHXKeC
OPTYpIIi 9/liCTepMEH aHBIKTAIIFaH KHHETHKAJIBIK ITapaMeTpiIep/iH e3apa YHIeCIMIUITiH KOpCeTil OTHIp.

Kinm cos0ep: CO,-3kcTpakt, Scabiosa ochroleuca, Scabiosa isetensis, TepMHSIIBIK capanTaMa, TEpMO-
JECTPYKIHS, KHHETHKAIBIK TapaMeTpiep, H30KOHBEPCHOHIBI 971ic, TapaMeTpIIiK eMec KHHETHKA.

M.A. XKynycosa, A. K. Capcen6ekoBa, P.M. AGaynnabekosa, 1.B. ®urypunene

CpaBHMTe/JbHBI aHAJIU3 KHHETHKH TEPMUYECKOT0 Pa3jio:KeHHus1 00pa3LoB
YIJIEKUCJIO0THOIO IKCTPaKTa u3 Scabiosa ochroleuca u Scabiosa isetensis
NPHU Pa3IMYHBIX CKOPOCTSIX HArpeBa

IIpencraBnen aHamu3 pa3IUUHBIX METOJOB pacueTra KHHETHYECKHX MapaMeTpoB TEPMOPA3I0XKEeHHsS 00pa3LoB
COy-axerpakToB U3 Scabiosa ochroleuca n Scabiosa isetensis IO TAHHBIM THHAMIYECKOH TEPMOTPABUMETPHH.
HccnenoBanust ObUTH IPOM3BE/ICHBI B aTMOC(epe BO3AyXa IPH Pa3IMIHBIX CKOPOCTIX Harpesa: 5—25 rpaf/MuH.
Pesynmbrarsl, moydeHHBIe U3 pa3aMIHBIX dkcriepuMeHTanbHbIX HaHHBIX (TG/DTG/HF), 66 oOpaboTans! B
COOTBETCTBHH CO CJISAYIONMMH KHHeTHdecknMu mMoaesivMu: Opunmana, Ginana<O3aBeI-Y 0ilTa ¢ TeM, YTOOBI
MOJTyYUTh KMHETHYeCcKue mapameTpsl. IIprMeHeHe mepeurcleHHbIX BhIIle MOJENEH MO3BONMIO TpadudecKkn
YCTAQHOBUTB 3(QEKTHBHBIC 3HAYCHUS SHEPIUM aKTHBALIMH U TPEPKCIOHCHIHAIBHBIH MHOKHTENb NP Pa3JIHy-
HBIX CKOPOCTSIX HarpeBa o0paslia M CTENEeHsIX KOHBePCHH. J{/1s 0ObEeKTHBHOM OIEHKH CIOMKHBIX ITPOLECCOB, MPO-
TEKaIONIMX MapajulelbHO TEPMUYECKON JECTPYKIHH, HCIIONB30BATM METOJ] HEMapaMeTPHIEeCKOW KHHETHKU
(HIIK). HIIK npencraBisier coboit 0coObIi moaxon At 00paboTKY KMHETHYECKUX NAHHBIX, T.€. HOBYIO TOUKY
3peHHs] Ha KHHETUYEeCKUH aHaJn3, KOTOPBI OCHOBAH Ha OKPYIJICHUH PE3YJIbTATOB KHHETHUKH OJHOCTAIUHHOTO
mporecca. Takum oOpazom, ogHOBpeMeHHOe uctonb3oBanue ManHbX. TG/DTG/HF st knHeTryeckoro aHamm3a
JaeT HaMm Ooiee TMOJHYIO KapTHHY TEPMOAECTPYKIMH OOpa3loOB YIIEKHCIOTHOTO J3KCTpakta u3 Scabiosa
ochroleuca (ckabnosa 6nenno-xentas) u Scabiosa isetensis (ckabuo3a ucerckas). B pesysbrare nccieqoBaHus
ObUTO MOKa3aHO, YTO 3HAUEHWS KHMHETHYECKUX TapaMeTpoOB, ONpPENSTEHHBIE Pa3HBIMH METOAAMH, XOPOIIO CO-
TJIaCyIOTCS MEXIy cOOOH.

Kniouesvie cnosa: COy-3kcTpakt, Scabiosa ochroleuca, Scabiosa isetensis, TEpMUUECKUA aHATN3, TEPMOJIC-
CTPYKIUS, KHHETUYECKUE MapaMeTPhl, N30KOHBEPCHOHHBINM METO/], HEeTIapaMeTpHIecKasi KHHETHKA.
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