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THE UNIFIED METHOD OF CALCULATION THE THERMODINAMIC
FUNCTIONS OF THE INTERMEDIATE FRACTION OF COAL TAR

Abstract. Separate isolated organic compounds with a known molecular structure as
well as a unified additive method (UAM) have been used in order to calculate the
thermodynamic functions of heat capacityC,,(T), of enthalpy AH(T)and entropy S(T) and of
Gibbs free energy AG/T) for heavy raw materials. The datawere used thatachieved using
elemental analysis and quantitative analysis of chromatography-mass spectrometryfor
determining the thermodynamic functions of the process ofcoal tar cavitation of by UAM.
The nature of the unified additive method is to consider the unit mass of a molecule or a
complex molecular systems as the unit mass of individual structural fragments transferred
from one system to another. Comparison of the results of calculations of thermodynamic
functions obtained by UAM with reference data showed that they are well compatible,
which, in turn, gives grounds for applying the unified additive method to complex systems.

Keywords: unified additive method, thermodynamic functions, coal tar, cavitation,
hydroconversion reaction.

The thermodynamic properties of complex organic systems are an important
parameter in modeling their processing. For this, it is necessary to develop simple
methods for calculating thermodynamic functions. This is especially important for
processing of complex raw materials.

The additive method for calculating the thermodynamic functions of organic
molecules, proposed in this work [1-3], was adapted and prepared for its application
to heavy raw materials of complex composition. The proposed method is based on
an additive scheme, where the set of parameters is determined from the hybrid
states of carbon atoms and the number of chemically bonded hydrogen atoms when
calculating the temperature dependence of the thermodynamic functions of free-
form hydrocarbons at temperatures from 298 to 1000 K[4].

The aim of the work is to determine the thermodynamic functions of the
average fractionof coal tar cavitation processing by using a unified additive method.

EXPERIMENTAL PART

In order to study the thermodynamic properties of the average fraction cavita-
tion process at 230-300°C from high-temperature coal tar, the component compo-
sition of the fraction was analyzed using the method of chromatography-mass
spectrometry (CMS). The number of structural fragments in the fractional compo-
sition of coal tar was determined using data obtained by CMS analysis. The com-
position of the coal tar intermediate fraction at 230-300 °Cis presented in work [5].
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It is known that thermodynamic functions possess the additive properties of
heat capacity C, enthalpy AH, entropy S, Gibbs free energy AG, reduced Gibbs
free energy (G-Hags)/T and their values are equal to the sum of the thermodynamic
functions of any individual elements[6-8].

In this case, any additive property ¥of the substance can be expressed as a
linearly dependent function &;to its components:

Vi=3tx&isj =12, .. mandi=12,...,n Q)

wherex; is the number of the its structural fragment in the test molecule j, and &; is
its contribution to the property, m is the number of test molecules selected to find
the value of the i- structural fragment.

The temperature dependence of the specific heat & for a structural fragment is
given by the following equation:

Cp(fi) = a; + bLT + CL'T2

The heat capacity, entropy, enthalpy, and Gibbs free energy are calculated for
molecule M using function (1) at temperature T:

ACym(T) = Cpua(T) = ) Cypa ()
A

454(T) = Su(T) = ) 5,(T)
A

T,

AHM(T) = AHf,298 + J- ACp’M (T)
298

T
ASy(T) = ASy9g + f AC, m(T)d(InT)
298
AG(T) = AH(T) — TAS(T)

The hydrocarbon portion of organic compounds is formed by structural
fragments, and heteroatoms are considered in fragments:

By selecting the structural fragments of a complex organic compound, it is
possible to construct the structure of the compounds in a complex organic system
and obtain the results of calculations of the thermodynamic functions of the
molecules [9-12].

A unified additive method (UAM) is used to calculate the thermodynamic
functions of molecules consisting of a set of defined fragments and processes
occurring in a complex system consisting of these molecules.

RESULTS AND DISCUSSION

At the first stage of the study, the calculationresults of thermodynamic func-
tions were compared with literature data on the example of a model molecule of
1-methylnaphthalene, which is a component of the intermediate fraction of coal tar

138



ISSN 1813-1107 Ne 4 2020

to determine the thermodynamic parameters (table 1). For the calculation, the
empirical formula was used for the number of atoms and structural fragments of
1-methylnaphthalene:

Table 1 — Comparison of the thermodynamic functions
of a 1-methylnaphthalene molecule with reference data

Cp, kal/mol K S, kal/mol K AHj, keal/mol AGy, keal/mol
Ta
K based based based based
UAM on[13] UAM on[13] UAM on[13] UAM on[13]

298 37.77 38.13 95.84 90.21 27.49 27.93 50.05 52.03
300 38.03 38.37 96.09 90.45 27.45 27.89 50.19 52.17
400 49.48 50.74 108.63 | 103.23 25.65 26.13 57.69 60.54
500 59.57 61.25 120.78 | 115.72 24.15 24.8 65.91 69.30
600 68.29 69.79 13243 | 127.66 22.93 23.71 74.60 78.20
700 75.65 76.76 143.53 | 138.96 21.97 22.88 83.55 87.47
800 81.63 82.48 154.04 | 149.59 21.23 22.26 92.51 96.73
900 86.24 87.19 163.93 | 159.59 20.7 21.83 101.29 | 106.07
1000 89.47 91.21 173.2 168.99 20.34 21.61 109.64 | 115.46

According to table 1, the reference data show that satisfactory results of
temperature dependence of thermodynamic functions can be achieved with
UAM.Therefore, the values of the enthalpy DH. 00 of the dealkylation reactions
occurring during the cavitation of the intermediate fraction of coal tar with the aid
of UAM were determined by the formula (2) below [14,15].

AH(r)Aoo = AH(r),298 + (Zprod.(H)Q,zl-OO - H)(‘"),298) - Zinit.(H})AOO - H)(‘),298)) (2)
Table 2 compares the enthalpy valuesat DHago with the control data of the
dealkylation reactions that occur during cavitation of the intermediate fraction
ofcoal tar determined by the UAM. As can be seen, the results of the UAM calcu-
lations are corresponded well with the reference data.

Table 2 — Comparative analysis of the enthalpy DHaoo Of dealkylation reactions occurring during
cavitation of the coal tar intermediate fraction by the UAM

Basedon[13] | UAM
kcal/mol

Ne The reaction

1 -9.55 -9.76

CH3
2 | HC y -3.69 -3.63
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The thermodynamic probability of dealkylation reactions that occurs as a
result of cavitation processing in the temperature range of T = 400 K, is also
analyzed in table 2. The Gibbs energy AGyof (1-2)reactions was calculated from
the data given in table 3.

Table 3 — Temperature dependence of Gibbs energy AGy for reaction components 1-2

. AGp, kcal/mol

’ 1-methylnaphthalene 1,7-dimethylnaphthalene | naphthalene | methane | ethane
298 52.03 51.08 53.44 -12.15 -7.87
300 52.17 51.27 53.55 -12.11 -7.79
400 60.54 62.18 59.62 -10.07 -3.45
500 69.30 73.53 66.04 -7.85 1.16
600 78.20 85.17 72.66 -5.51 5.96
700 87.47 97.02 79.45 -3.06 10.90
800 96.73 108.96 86.32 -0.56 1591
900 106.07 121.00 93.26 1.99 21.00
1000 115.46 133.08 100.25 4.58 26.13

As can be seen from figure 1, the probability of thermodynamic reactions 1
and 2 (dealkylation reactions) in the temperature zone T = 400 K is high.

1000In(Kp)

22

18

14

10

-1
2

1,5 2 2,5 3
Temperature , 1000/T(K)

3,5

Figure 1 — The dependence of the logarithm of the equilibrium constant In(Kp) of reactions 1-2

on the temperature 1/T (the reaction number corresponds to table 1)

As mentioned above, the UAMis used to calculate the thermodynamic func-
tions of complex systems, such as heavy raw materials. Assuming that the empirical
formula of complex organic compounds consisting of atoms of elements C, H, N,
O, S, where x = C(%)/12, y = H(%), m = N(%)/14, n = O(%)/16 andz = S(%)/32, is
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expressed as CxHyNmOnS;, respectively, the molecular mass M of this complex
system is calculated by atomic masses:
12nc + ny + 14ny + 16ny +32ng =M 3)
wherene =x; ngy =y, ny =m; np =n; ng = Z.
The structural characteristics of the compounds for heavy raw materials are

studied for a given mass (for example, 100 g). Accordingto the empirical formula
based on elemental analysis, the formula can be written as follows:
12n; + ny + 14ny + 16ny + 32n5 = 100 (4)

The number of specified structural fragments in the products of the the coal
fraction hydroconversion was determined on the basis of quantitative analysis by
chromatography-mass spectrometry. The procedure for determining the number of
structural fragments per unit mass of heavy raw materials can be simplified using
the results of the analysis of CMS, shown in table 1.

The number of atoms and the number of structural fragments in the inter-
mediate fraction of 1 kg of coal tar, calculated according to the CMS analysis, are
shown in table 4.

Table 4 — The results of calculating the number of atoms and the number of structural fragments
in the intermediate fraction per 1 kg coal tar

Structural parameters Value Structural parameters Value
C 11.654 N 0.105
H 9.68 -NH- 0.105
H2C< 0.468 >C= 331
HsC- 0.38 -HC= 7.493

According to table 4, the empirical formula for the intermediate fraction of
1 kg coal tar is expressed withCi1.65aHg.68No.105.

There should be noted that within the limits of the accepted structural
fragments, it is impossible to isolate the isomers and condensation forms “inter-
mediate statistical structural units”. However, it can be said that the thermodynamic
functions of all isomers of the same structure corresponding to the structural
fragments that shown in table 4 have close values. This is clear from table 5, where
AHjy9g values are given for cases where two methyl groups are present in different
carbon atoms in the example of dimethylnaphthalene (DMN). From the point of
view of structural fragments, these isomers have the same formula, accordingly, the
additive method cannot distinguish between them: AH;20s = 18.9 kcal/mol.

Table 5 — The AH>9s values of dimethylnaphthalene isomers
in the presence of methyl groups at different carbon atoms [13]

Isomer AHjp298, kcal/mol Isomer AHjy298, kcal/mol
1,5-DMN 19.55 2,3-DMN 19.97
1,6-DMN 19.72 2,6-DMN 19.72
1,7-DMN 19.55 2,7-DMN 19.72
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The values of the thermodynamic functions of the intermediate fraction of coal
tar, calculated on the basis of the elemental composition and structural fragments,
are shown in table 6.

Table 6 — Molecular Weight M = 151 thermodynamic functions
of the intermediate fraction of coal tar

T,K Cp, cal/mol K S, cal/mol K AHj, keal/mol AGy, keal/mol
298 39.449 36.253 89.558 60.166
300 39.704 36.215 89.823 60.317
400 51.741 34.519 102.929 68.275
500 62.299 33.137 115.636 76.906
600 71.377 32.040 127.819 85.981
700 78.976 31.196 139.412 95.281
800 85.095 30.575 150.374 104.594
900 89.735 30.146 160.679 113.709
1000 92.896 29.879 170.310 122.417

Conclusions. In conclusion, UAM was used to calculate thermodynamic
functions for isolated organic compounds with a known molecular structure, as well
as for heavy raw materials.The datawere used that achieved using elemental
analysis and quantitative analysis of chromatography-mass spectrometry for
determining the thermodynamic functions of the process of coal tar cavitation of
by UAM. As a result, the number of structural fragments in the coal tar fraction
was determined from the data obtained. The thermodynamic functions of the
intermediate fraction of coal tar at a temperature of 230-300°C are determined on
the basis of the elemental composition and structural fragments. It was found that
the enthalpy values of DHago of the dealkylation reactions occurring at T = 400K
during the cavitation of the intermediate fraction of coal tar determined by the UAM
method are corresponded well with the reference data. The researches have also
shown that unified additive methods based on the calculation of thermodynamic
functions are also effective in modelling the direction and probabilities of typical
reactions in the processing of heavy raw materials.
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Pe3rome

H. JK. Barnanoea, M. U. baiixenos, /. E. Aiimbekosa,
A. T. Omaposa, A. Tycunxan, P. C. Ceiimorcan

TACKOMIP ILIAWBIPbI OPTA ®PAKIUACKIHBIH TEPMOJUHAMUKAJIBIK
OYHKIUAJIAPBIH ECEIITEY ATH YHUOUITUPJIEHT'EH ©/1ICI

Benrini MonekynanbiK KYpbUIBIMBI 0ap jKeKe OKIIayJlaHFaH OPraHUKaJIbIK KOChUIbIC-
Tap, COHJAi-aK aybIp IIUKI3aT YIIiH jJe TepMoanHaMuKanslK GyHkuusuapas! Cp(T) xeury
ceidbiMIbUTBIFBIH, AH(T) antanenus, S(T) surpomus xone epkin AG(T) I'm6bc sHep-
THSCHIH €CENTeYAiH YHHU(DUIUPICHIeH ajauTHBTI o/ici (YAD) a3ipaeHai. YAO apKbUIbI
TACKOMIp MAWBIPhIH KAaBUTALNMSIIBIK OHJACY MPOIECIHIH TEPMOJIMHAMHKAIBIK (YHKIIHS-
JApBIH aHBIKTAay/la 3JCMEHTTIK aHAlU3 JKOHE XPOMATO-MacC-CIEKTPOCKOMHUS CAaHIBIK
aHaIn3 OJIICiHIH KOMETIMEH aHBIKTAIFaH MAIIMETTEp MaianaHbuIIbl. Y AO MOHI MOJIEKYJIa
HeMece KYpAeli KyphUIBIMABI MOJIEKyTaiap KOCTIAChl MacCachIHBIH OipiriH Oip kyieneH
eKiHIICiHe ayBICTHIPBUIATHIH JK€Ke KYPBUIBIMABIK (parMEeHTTep MacCachIHBIH OipIiri
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perinze KapacTeipy 00l TaObLIaAbl. Y AO apKbliIbl JIbIHFaH TEPMOANHAMUKAIBIK (YHK-
LUsUIap/Ibl €CeNTeY HOTHIKEIEPIH aHBIKTAMAIIBIK JIEPEKTEPMEH CaJIbICTHIPY OJIap/IbIH XKaKChI
yilneceTiHiH KepceTTi, Oy, colikeciHiie, YAO-Ti Kypaeni XyHenepre KojlaHyFa HEri3
Oepeni.

Tyiiin ce3nep: yHUUIMPIICHIeH aINTUBTI 9]lic, TEPMOJMHAMHKAIBIK QyHKIUsIAp,
TacKeMIp IIaWbIpbl, KABUTALNS, THAPOKOHBEPCHS PEAKLIHACHI.

Pe3iome

H. JK. Bannanosa, M. 1. Baiikenos, /]. E. Atimbekosa,
A. T. Omaposa, A. Tycunxan, P. C. Ceiimoican

YHUOULIMPOBAHHBIM METOJ] PACYETA TEPMOJIJMHAMWYECKHUX
OYHKINN CPEJHEN ®PAKIIMN KAMEHHOVYT' OJIBHOU CMOJIbI

Just pacuera TepmoauHamuueckux ¢yHkuuit temoemkoctn Cp(T), sHTambIUH
AH(T), sutporuu S(T)u cBo6oaHo#t sHeprun ['n66ca AG(T) Kak OTAENbHBIX H30JIUPOBAH-
HBIX OPTaHUYECKUX COCTUHEHUN C U3BECTHON MOJIEKYJIIPHON CTPYKTYPOM, TaK U TSIKEIOr0
CBIPBS OBIT MCIIONIF30BaH YHU(PHUIMPOBAHHBIN aqanTUBHBIN MeTton (YAM). dns ompene-
JEeHUA TePMOIWHAMHYECCKHX (YHKIUH TIpolecca KaBHUTAIIMOHHOW 0O0pabOTKM cpemHei
¢pakuuu KaMEeHHOYTONBHONH CMONIBI MeTomoM YAM OB HCIIONB30BaHBI JaHHEIE,
MOJTyYeHHBIE C TIOMOINBIO 3JIEMEHTHOTO aHAJIN3a M KOJMYECTBEHHOTO aHAIHM3a XpOMaTo-
Macc-ciekrpomerpun. CyTh Y AM 3akimogaeTcst B TOM, 9YTO MOJICKYJIa FITH €HHUTA MacCHI
CMeCH MOJIEKYJI CO CJIOKHON CTPYKTYpOM NMPeCTaBIAeTCs KaK eAMHUIA MacChl OTJEIBHBIX
CTPYKTYPHBIX (parMeHTOB, KOTOpbIE IEPEHOCITCS M3 OJHOM CHCTEMBI B JIPYIYIO.
CormocraBiieHHe pe3yJIbTaTOB PacyeTOB TEPMOAMHAMHUUYECKHX (YHKIHH, MOJTYyYEHHBIX C
IIOMOIIBIO YAM, CO CIIPaBOYHBIMU JAaHHBIMH IMOKa3ajo, 4YTO OHHU XOPOIIO COBMECTUMEI,
4TO, B CBOIO OY€pe/Ib, aeT OCHOBAHUE MPUMEHATh Y AM K CIIOXKHBIM CHCTEMaM.

KnioueBnble cjioBa: yHHGUINPOBAHHBIN aJANTHBHBIA METOJ, TEPMOJMHAMUICCKHUE
(YHKIIMH, KAMEHHOYTOJIbHAS CMOJIa, KaBUTALNS, PEAKIIH THAPOKOHBEPCHH.
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