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Simulation of the Kinetics of direct coal hydrogenation

The kinetics of coal hydrogenation from the Shenghua deposit (People's Republic of China) has been studied.
To calculate the kinetic parameters, experimental data on the hydrogenation of coal from the Shenghua field
have been used. The hydrogenation process was carried out at a pressure of 5 MPa, at temperatures from 350
to 440 °C using a batch reactor. Tetrahydronaphthalene was used as a solvent and donor in the process of coal
hydrogenation. The rate constants were calculated using the random search optimization method and the inte-
gral Simpson method. It was found that the previously calculated rate constants of the hydrogenation of
Shenghua coal (Runge-Kutt method) differ from our data by one order of magnitude. It is supposed that our
calculated values of the rate constants are more reliable and adequate than those obtained by the Runge-Kutt
method. The limiting rate of coal hydrogenation is observed for the stage of coal conversion into a mixture of
gas and oil.
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Introduction

Systems of differential equations are used for description of chemical kinetics of the coal and coal tar
hydrogenation, heavy oil residues. Earlier [1-6], in the kinetics study of the hydrogenation of heavy and
solid hydrocarbon feedstock for the kinetic parameters calculation, rigid types of differential equations
systems were used. As is known, the chemical kinetics of complex chemical reactions is characterized by the
presence of rapidly and slowly changing variables. Due to the stages of reactions that proceed at different
rates, the solution of direct kinetic problems is complicated by the rigidity of the systems of differential
equations describing the mechanism of these reactions [7—10]. In recent years, the Runge-Kutt methods,
which were previously considered reliable, began to yield their dominant position among the algorithms for
solving ordinary differential equations to modified methods capable of solving rigid problems [11, 12]. To
solve the problems of chemical kinetics, the random search optimization method [13] and the Simpson's in-
tegral method [14] were used for the first time. Earlier these methods were used separately in solving sys-
tems of differential equations and did not find application in solving direct kinetic problems when they were
combined. In order to determine the kinetic parameters, the experimental data on the Shenhua field coal hy-
drogenation [15] were used.

The purpose of the article is to use the combination of integral method with optimization of the kinetic
model parameters of the Shenhua field coal hydrogenation [15].

Experimental

As shown in [15], the kinetics of the hydrogenation process of coal from the Shenghua field was inves-
tigated at a pressure of 5 MPa, at temperatures from 350 to 440 °C the duration ranges from 0 to 60 minutes
in a batch autoclave using tetrahydronaphthalene as a solvent.

The experimental data on the yield of target products and the kinetic model given in the article [15]
were processed using the method of optimization of random search and integral calculation according to
Simpson's method.

The calculation of the rate constants at the first stage was carried out by minimizing the residual func-
tion using the random search method. The selection of values was conducted randomly from a given range,
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with the interval which complied with the calculation accuracy requirement. As a result, such a choice of
constants makes it possible to minimize the residual function rather quickly and the minimum is guaranteed
to be achieved in an acceptable computation time. At the second stage, the solution of systems of differential
equations is performed according to the Simpson's method, which allows to calculate in a short time and with
acceptable accuracy. The application of the modified method for solving chemical kinetics problem was pre-
viously presented in [1].

Results and Discussion

According to the data [15], the kinematic scheme of the Shenghua field coal hydrogenation is shown in
Figure 1.
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Figure 1. Scheme of the process of the Shenghua field coal hydrogenation

Based on the proposed coal hydrogenation scheme, the following kinetic model was compiled:
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The kinetic curve of the process of the Shenghua field coal hydrogenation is shown, carried out at a
temperature range from 360 to 400 °C with a duration of 0—60 minutes (Fig. 2).

The calculated kinetic parameters of model (1) obtained by the Runge-Kutt method [15] and the Simp-
son's integral method with random search optimization are presented in Tables 1 and 2 correspondingly.

Table 1

The rate constants of the process of coal hydrogenation in the temperature range 350-440 °C,
calculated by the Runge-Kutt method [15]

/oC Rate constants, min”
! k1 k2 k3 k4 k5 k6
350 0.02 0.016 0.012 0.004 0.003 0.002
380 0.028 0.02 0.014 0.006 0.005 0.003
400 0.032 0.023 0.016 0.007 0.006 0.003
420 0.035 0.029 0.021 0.009 0.008 0.004
440 0.042 0.033 0.026 0.013 0.009 0.006
E, kJ/mol 29.11 29.31 31.82 39.97 41.66 46.45

The difference in the rate constants calculated by two independent methods is that the rate constants for
ki-k; are an order of magnitude higher, and for k4-ks coincide. It should be noted that the degree of conver-
sion of the coal organic mass into asphaltenes, pre-asphaltenes, gas and oil is 25-29 %. This is a low yield of
the conversion of coal organic mass, which does not correspond to high values of the rate constants k-k;.
This fact is the reason to believe that the results of calculation by the Simpson's method with random search
optimization are more reliable and adequate than the values given in [15].
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Figure 2. Kinetic curves of products yield of the Shenhua field coal hydrogenation process at a different temperatures

Table 2

The rate constants of the process of coal hydrogenation in the temperature range 350-440 °C,
calculated by the integrated Simpson's method with optimization of random search

/oC Rate constants, min”
! k1 k2 k3 k4 k5 k6
350 0.0027 0.0021 0.0011 0.006 0.0048 0.0031
380 0.0038 0.0028 0.0015 0.0097 0.006 0.0081
400 0.004 0.0029 0.0016 0.0108 0.0063 0.0097
420 0.0046 0.0033 0.0019 0.013 0.0069 0.014
440 0.0053 0.0038 0.0021 0.016 0.0075 0.021
E, kJ/mol 28.27 24.97 27.83 39.86 18.73 79.87
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From the data shown in Table 2, it can be seen that with increase the temperature, the rate of the hydro-
genation reaction of coal from the Shenghua field increases too. The following stages of the process are
characterized by low values of the rate constants: the formation of asphaltenes, pre-asphaltenes, gas and oil
from coal. With an increase the temperature from 400 °C to 440 °C, a sharp growth in the rate constants &y
and k¢ occurs, which are characteristic of the stages of asphaltene formation from pre-asphaltenes, gas and oil
from asphaltenes. Apparently, this is due to the prevalence of the hydrogenolysis reaction over the hydro-
genation one. The use of Simpson's method with optimization of random search has shown by the example
of calculating chemical kinetics, that the hydrogenation takes place in two stages: at the first stage, from
350 °C to 400 °C, coal is hydrogenated, at the second stage, from 400 °C to 440 °C, hydrogenolysis reactions
of the resulting products begin to prevail.

It should be noted that the deviation of the calculation results from the experimental values as a whole
was 2.86 %.

Based on the data presented in Table 2, the following series of rate constants for the conversion of the
middle fraction into hydrogenation products for different temperatures (°C) were obtained: / — 350; 2 —
380; 3 — 400; 4 — 420; 5 — 440:

ky >k, >k >k >k, >k (1),
k,>ks>ks>k >k, >k (2),
ky>ky>ks>k >k, >k, (3),
kg>k,>ks>k >k, >k, (4),
kg>k,>ks>k >k, >k, (5).

According to the results obtained (Table 2), the limiting rate of coal hydrogenation is observed for the
stage of coal conversion into a mixture of gas and oil at temperatures from 350 °C up to 440 °C.

In Tables 1 and 2 the values of activation energies are given as well. The calculation of the activation
energies of the processes proceeding according to the proposed scheme was carried out from the ratio:
tga = E/R, where E is the activation energy of the chemical reaction, J/mol; R is a universal gas constant
equal to 8.314 Pa m’/Kmol. Analysis of the data presented in Table 1 shows that the highest value of the ac-
tivation energy corresponds to the process of gas and oil formation from asphaltenes. The least difficult en-
ergetically are the processes of coal destruction with the formation of pre-asphaltenes. As can be seen from
the Table 2, the highest activation energy is characteristic for the stage of gas and oil formation from
asphaltenes. The most active processes are the reactions of gas and oil formation from pre-asphaltenes.

Conclusions

Thus, to study the process of the Shenhua field coal hydrogenation the random search optimization
method and the Simpson's integral method were used for the first time. It was found that our calculations of
the kinetic parameters of coal hydrogenation differ from the rate constants obtained using the Runge-Kutt
method by one order of magnitude. Moreover, the Simpson's method used with the random search optimiza-
tion method established the presence of two stages of the coal hydrogenation. The first stage is the hydro-
genation process and the second one is hydrogenolysis. It was shown that the limiting rate of coal
hydrogenation is observed for the stage of conversion of coal into a mixture of gas and oil. The values of
activation energies calculated using the Arrhenius equation are presented. It was also established that the
most active processes are the reactions of gas and oil formation from pre-asphaltenes.
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KBMip TNAPOTCHN3ANUSACBIHBIH KHHETUKACBIH MOACJ/ILCY

Illenxya KeH OpHBIHIAFbl KOMIp THIPOTCHU3ALMACHIHBIH KHHETHKAchl 3epTTeireH. KHHETHKaJIbIK
napamerpiepai asbikTay yiniH IlleHXya KeH OpHBIHIAFbl KOMipAi THAPOTCHU3ALHSIAYIbIH TXKipHOeTiK
nepekrepi maitmananeuigpl. ['maporenmsarmst npoueci S MITa keickimpa, 350-men 440 °C-re  neidinri
TeMIeparypaia Mep3iMIai peakTopisl maipanana OTeIpbin xypriziami. IlleHxya keH OpHBIHAAFbI KOMipii
THIPOTEeHHU3AIMsIIAY MPOLECIHIE SPITKIIT jKoHE JOHOP PEeTiHAe TeTparuapoHadTaliH KoaxaHeusl. Kemipai
THAPOTeHU3ANMsIIAY MPOLECIHIH KbUIAaM/BIK KOHCTAHTAIaphl MEH aKTHBTCHIIPY SHEPTUSCBHIHBIH MOHIEpI
ecentendi. JKbUIIaMIbIK KOHCTAaHTAJapblH €CENTEY IKEAeN TYCipy OMICIMEH OHTaMaHIbIpy IKOHE
CHUMIICOHHBIH, MHTETpalIbl SNiciH KOJIaHy apKbuibl kyprizinmi. IlleHxya keMmipiH TuaporeHu3anusuiay
npouecinin Pynre-KyTra oniciMeH ecentenreH X blIJaMIIbIK KOHCTAHTAIAPBIHBIH MOHI YCBHIHBUIBII OTBIPFaH
KeZleN Tycipy oiCiMeH OHTaMIaHAbIpy apKbuibl CHMIICOH OiCiH KOJIIAaHYMEH €CeNTeNreH >KbUIIaMIBIK
KOHCTAHTAChIHBIH MOHJAEpiHEH Oip Oipiikke epeKiueNeHeTiHI aHbIKTanabl. KeMip THIporeHH3aunusChIHbIH
JUMHUTTEYLI JKbUIIAMABIFBI KOMipAi ra3 OeH Mail KocmacklHa aiHaIIbIPy CAaThICHIHAA OalKalaThIHBI
aHBIKTAN/ABl. AppEHHYC TeHACYIH IaiijanaHa OTBIPBIN, €CEHTENreH aKTHBTCHIIPY SHEPTHSACHIHBIH MOHIEpI
KEeNTIpUIreH.

Kinm ce30ep: xuHeTHKa, KeMip, ruaporeHu3anus, CHMIICOHHBIH HHTETPANIBIK OJicCi, Ke3IeHCOoK i3meyai
OHTAINIAHBIPY SMiCi.

H. K. bannanosa, A.M. I'onsmanues, FO.H. [Tankun, ®. Ma, K. Cy,
A.W. Xamurona, /I.E. AiitoexoBa, A. Tycunxan, M.W. bailikeHoB

MopenupoBanue KHHETHKH NPSIMOii THAPOTreHU3AUNHU YISl

HccnenoBana KMHETHKA THAPOTEHM3AMK YT MecTopoxaenus Illenxya. s onpenesieHus] KHHETHYECKIX
TapaMeTpoB OBIIM HCIOJNB30BaHBI IKCIEPUMEHTAIBHBIC JAHHBIE THIPOTEHH3AIMH YISl MECTOPOXKICHHS
[lenxya. Kunetnka nporecca TUAporeHU3anuy IpoBoAmIack npu nasiaeHun 5 MIla, mpu temneparypax ot
350 1o 440 °C ¢ uCTIONIb30BAHUEM MEPUOIMYECKOTO PEAKTopa. B KauecTBe pacTBOPHUTENS U JAOHOPA B TPO-
1ecce THAPOTeHU3aMu yriisi MectopoxaeHus Illenxya ucnonb3oBaiics Terparuaponadranu. Paccunrans
KOHCTAHTBI CKOPOCTEH M SHEPTHM aKTHUBALMH IIPOLECcca IMAPOreHH3alNK Y. PacyeT KOHCTaHT CKOpOCTeH
HPOBOAMICS C UCIIOJIB30BAHUEM METO/a ONTHMM3ALUK CIIy4alHOTO NOMCKA U MHTEerpaibHoOro meroxa Cumi-
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COHa. YCTaHOBJICHO, YTO paHee PacCUMTAHHBIC KOHCTAHTHI CKopocTell MerojoM PyHre-Kyrra nporecca ruj-
porenusaruu yrig llleHxya oTIMYalOTCS OT HAMM PAaCCUMTAHHBIX KOHCTAHT CKOPOCTEH C HCIIOJIB30BaHHEM
Metozia CHMIICOHA C ONTHMH3AlMEH CIIy4aliHOTO MOKMCKa Ha OAMH Mopsanok. [TonaraeM, 4To BEIMYMHBI KOH-
CTaHT CKOPOCTEH, moy4eHHble MeTooM CHMIICOHA ¢ ONTHMH3alMel ciy4aifHOro nomcka, 6ojiee aaeKBart-
HBI, YeM BEJMYHHBI KOHCTAHT CKOpOCTEH, paccuuTaHHble MeTonoM Pynre-Kyrra. JlokazaHo, 4TO JMMHUTH-
pyolas CKOPOCTh THAPOTeHNU3ALMH YT HAaOMI0AaeTest JUlsl CTaMH MPEBPAIeHHs yIiisl B CMECh ra3a M Mac-
na. [IpuBeieHbI BEIMYMHBI SHEPT U aKTHBALIMH, HOJIYYCHHbIC TOCPEICTBOM YpaBHEHHSI AppeHuyca.

Kniouesvie cnosa: KMHETHKa, yrojib, THAPOTEHU3ALUS, UHTETpalbHbIi MeTox CHMIICOHA, METOJ ONTHUMU-
3allMU CIIy4yailHOrO MOUCKA.
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