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Kinetics and thermodynamics of the process of hydrodesulfurization
of Shubarkol coal hydrogenate

When processing coals and oils containing sulfur compounds, the resulting fuel components do not meet the
requirements of the State standards for sulfur content. Sulfur affects negatively the quality of the target prod-
uct and makes processing difficult, therefore hydrodesulfurization of coal hydrogenates and oils is an im-
portant stage before further processing. Sulfur compounds are very harmful impurities for liquid products
(hydrocarbons). They are toxic, give an unpleasant smell to liquid products, affect detrimentally the antiknock
properties of gasolines, promote resin formation in internal combustion engines and, most importantly, cause
corrosion of metals. Therefore, the presence of these substances is extremely undesirable and unacceptable.
There has been researched the process of hydrodesulphurization of hydrogenates of the coal from Shubarkol
Deposit in the presence of catalyst of pyrite and natural zeolite. Using the method of equilibrium-and-kinetic
analysis there have been calculated the rates of the process of hydrodesulphurization of liquid products and
Gibbs energy that are necessary for improvement of process-dependent parameters of hydrofining of liquid
products of hydrogenation. It is indicated that the optimum time of the process of hydrodesulphurization is
15-25 minutes. The content of sulfur in the fraction under 200 °C is 0.043 per cent and in the fraction of 200—
300 °C is 0.065 per cent and that indicates a high degree of hydrofining of hydrogenate in the presence of the
above catalyst. A high value of AG (in absolute value) indicates a high thermodynamic probability of
hydrodesulfurization process in the given temperature range. These data are necessary for the development of
recommendations for determining the optimal conditions for the process.
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Introduction

The Republic of Kazakhstan possesses enormous reserves of energy resources. In our country there are
deposits of high-viscosity index oil (heavy oil) and coal that can be the sources for production of synthetic
motor fuel and boiler fuel. In recent years there have considerably decreased the volumes of oil extraction
and there is expected the deceleration in increase of the developed reserves of fossil fuels comparing with the
rates of extraction. Extraction of oil in distant and hard-to-reach regions becomes so expensive that the pro-
duction of synthetic oil out of coal in many cases is considered to be a competitive process as compared with
the oil extraction. Therefore there arises a practical importance of producing fuel and chemical products out
of coal and heavy oils that can be considered as one of the prospective lines in the energy sector and petro-
chemical industry of the nearest future. The process of direct hydrogenation of coal, heavy oils, petroleum
bitumens and the products of coal liquefaction is one of the effective methods.

However, it should be noted that the fuel components produced as result of processing coals and oils
that contain sulphur compounds do not meet the requirements of the State Standards as to sulphur content.
Sulphur negatively affects the quality of the target product and complicates the processing, therefore hy-
drodesulphurization of coal hydrogenates and oils is a very important stage prior their further processing.

As is known, sulphur compounds are a very detrimental admixture for liquid products (hydrocarbons).
They are toxic, impart an unpleasant odor to the liquid products, detrimentally effect the antiknock qualities
of benzines, conduce to tar formation in internal-combustion engines and, what is most important, lead to
corrosion of metals. Therefore the presence of these substances is extremely undesirable and inadmissible.
The issues of refining sulphur oil-products by the method of hydrogenation without a considerable decompo-
sition of hydrocarbons have been considered by many researchers. In the direction there worked
B.L. Moldavsky, V.N. Pokorsky, K.P. Lavrovsky and P.V. Puchkov, A.V. Agafonov, et al. Most of their
works are devoted to refining oil-products that are light as to their fraction content with the purpose of pro-
ducing benzene and tractor kerosenes.

Previously there were conducted researches of hydrodesulfurization ability of Y-type zeolite that con-
tained various admixtures. It was defined that zeolite catalysts that contain cobalt, nickel and rare-earth
forms of Y-type zeolite possess a high hydrodesulfurization ability [1].
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For hydrofining of oil-products there are mostly used aluminum-nickel-molybdenum (ANM) catalysts.
However, zeolite-containing ANM catalysts are becoming more wide-spread; they are notable for a high ac-
tivity in the processes of hydrofining [2—5]. Introduction of Y-zeolite into ANM-composition, besides the
increase in activity of the catalyst, increased the efficiency of raw-materials plants (by 10-15 per cent), re-
duced the temperature of hydrofining (by 288-293 K) and extended the cycle length and general service pe-
riod of catalysts. However, the role of zeolite in improvement of catalytic, operational and regeneration qual-
ities of the catalysts of hydrofining is still not explored enough [4].

Therefore the aim of this work is to define kinetic and thermodynamic parameters of the process of hy-
drodesulphurization of the coal hydrogenate in the presence of the catalyst of pyrite and natural zeolite with
the usage of equilibrium-and-kinetic analysis (EKA) method.

Experimental part

In the course of the work there was performed the definition of kinetic and thermodynamic parameters
of the process of hydrodesulphurization with the usage of EKA method that has been worked out by Profes-
sor V.P. Malyshev [5].

The object of the research was hydrogenate of the coal from Shubarkol Deposit with the following
physical and chemical characteristics (mass per cent): A — 2.8-3.7; S — 0.4-0.49; V — 45.0-45.8; C —
76.99; H— 5.35.

As the catalyst of the process of hydrodesulphurization of hydrogenate of Shubarkol coal there was
used a mixture of pyrite and natural zeolite (60 per cent of pyrite and 40 per cent of zeolite).

The experiments on hydrodesulphurization of liquid products (hydrogenate) were performed in the rota-
ry autoclave (with the volume of 0.02 1). The autoclave was loaded with hydrogenate, then there was added a
calculated amount of catalyst (5 per cent of hydrogenate). The autoclave was closed, blown through with
hydrogen and excessive (initial) pressure of hydrogen (2 MPa) was created. The mixture was heated up to
the necessary temperature with the rate of 278 K per min. and kept for the defined period of time under the
temperature of 703 K. After cooling of the autoclave up to the ambient temperature the resulted liquid prod-
ucts were separated and there was performed distillation in accordance with the State Standard 217748 [6].
In the resulted fractions of hydrogenate there was defined the sulphur content according to the State Standard
1437-75 [7].

Results and discussions

The research of kinetics and thermodynamics of the process of hydrodesulphurization is necessary for
improvement of the process-dependent parameters of hydrofining of the liquid products of hydrogenation.
However at the same time there appear a number of methodological difficulties: first, it is practically impos-
sible to identify a great number of individual compounds — the products of transformation of the organic
mass of coal — therefore in practice they have to be grouped in accordance with some conventional physical
and chemical qualities; second, the kinetics of the process in this case is formal and interpretation of its pa-
rameters from the point of view of the structural peculiarities of the source coal is quite a difficult task; third,
for one and the same process different authors offer different kinetic models, the parameters of which are
defined in complicated calculations, it makes them incomparable and non-general, and that complicates the
performance of analysis of a model.

Taking into consideration the bibliographical data on kinetics of hydrodesulphurization there can be
suggested the following scheme of hydrodesulphurization of the liquid products (hydrogenate) under moder-
ate pressure of the hydrogen (Fig. 1).

The kinetic scheme of the process of hydrodesulphurization. According to the scheme indicated on the
Figure 1 there is the following system of differential equations:
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where k, =k + ko + ks + ky + ks + k¢ + ko Cy, Gy, C;, Cy are the mass fractions of the respective components
(Cl + Cz + C3 + C4 :1)
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Figure 1. Kinetic scheme of the process of hydrodesulphurization of hydrogenate

The calculation of the system of equations was performed on PC IBM 486D4x0 with the usage of the
special «Search» program [8—10]. The designed program makes it possible to calculate the kinetic depend-
ences under the defined initial conditions and realize automated selection with the usage of the method of
gradient of optimum values of constants of k;—k; rates. Optimization of the constants of rates was realized
provides there was a minimum of deviation squares between the experimental and calculated values of the
mass fractions of the products of hydrodesulfurization. The constants of rate of hydrodesulphurization are
k1= 1.235, ky=1.134, k3 = 0.752, k, = 0.453, ks = 0.578, ks = 0.183, k; = 0.457. Basing on analysis of the
results of the rate constants there can be drawn the conclusion that the influence of the constants on the out-
put of the products of the process of hydrodesulphurization is ambiguous. Thus, the output of the fraction
under 200 °C is mainly determined by the value of k; rate constant. The output of the fraction of 200-300 °C
decreases with the growth of the temperature and is mainly determined by the rate of reaction k,. The con-
stant of the rate of reverse reaction k4 decreases with the growth of temperature.
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Figure 2. Kinetic data of the process of hydrodesulphurization of hydrogenate

On Figure 2 there is indicated the dependence of the sulphur content in hydrogenate on the time of the
process of hydrodesulphurization. The analysis of the kinetic data of the process of hydrodesulphurization
indicates that the optimal time of the process is 15-25 minutes, since there is observed the maximal output of
the abovementioned fractions. The mentioned fractions contain sulphur in the following amounts:

Fraction under 200 °C — 0.043 per cent (State Standard — 0.02—0.1 per cent);

Fraction of 200-300 °C — 0.065 per cent (State Standard — 0.2—1.0 per cent);

The content of sulphur in the initial hydrogenate produced from the coal from Shubarkol Deposit
amounts to 1.01 per cent.
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Basing on the experimental data of the research of the process of hydrodesulphurization of hydrogenate
there was calculated the Gibbs energy (AG) using the formula:
G=-RThhK,;
K, =k /k,;
InK, =2.5033; K,=0.918;
AG =-5365.5.

The high value of (G (in absolute magnitude) indicates a high thermodynamic probability of perfor-
mance of the process of hydrodesulphurization in this temperature range.

Conclusion

Thus, there is given the scheme of hydrodesulphurization of liquid products (hydrogenate), there are re-
searched the kinetics and thermodynamics of the process of hydrodesulphurization in the presence of the cat-
alyst of pyrite and natural zeolite. The calculated Gibbs energy in absolute magnitude indicates a high proba-
bility of the performance of the process of hydrodesulphurization. These data are necessary for improvement
of the parameters of the process of hydrofining of the liquid products.

It is defined that the optimal time of the process of hydrodesulphurization is 15-25 minutes. The indi-
cated fractions contain sulphur in the following amounts: fraction under 200 °C — 0.043 per cent, and frac-
tion of 200-300 °C — 0.065 per cent.
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Ily0apkes kemMip riIporeHu3aTbIHbIH THAPOCYab(upJiey YPAiCiHIH
TEPMOAMHAMHUKACHI MEH KMHETHKACHI

Kemip MeH MyHaiinbl KaiiTa eHuey Ke3iHAeri OTbIH KOMIOHEHTEpiHIH KypaMbIHIAFbl KYKIPT KOCBHLIBICTAphI
MOKCT-HiH KYKipT Kypambl OOibIHIIA TalanTapbl KaHaraTTaHasIpMaiiabl. KykipT COHFBI @HIMHIH camachiHa
Kepi ocepiH THUri3in KalWTa eHJeydl KUBIHIATAAbl, COHJABIKTAH MYHail, KeMip T'MApPOreHH3aTTapblH
rugpocynbbupiey MaHb3Abl Gosbin  Tabbutagbl. Cyiblk  eHimuep (KemipcyTekTep) YUIH KyKipTTi
KOCBUIBICTAp ©T€ 3WSAHIBI Kocma ekeHi Oenrimi. Omap yHITTBI, CYHBIK ©HIMAEpre >KarbIMCBHI3 HiC Oepeni,
OCH3MHHIH aHTHICTOHAIIMOH/BI KAaCHETIHEe Kepli ocepiH THTi3eli, MeTangapAblH KOPPO3HUsSFa YIIBIPAYBIH
TYZABIpabI JKOHE IIKi jKaHy KO3FAITKBIIITHIH MAaWbIp TY3yiHe cenTirin Turizeni. Con ceGemnTi oChl 3aTTapabIH
GonyblH TyapIpTHay Kaker. IIlyOapkesi KEHOPBIH KOMipiHEH TaOWUFHM LCOJIMT IMEH IMUPHUT KaTalu3aTOPHIHBIH
KaTBICYbIMEH T'MAPOr€HM3ATThIH Tuapocynsdupney ypaici 3eprrengi. ['maporeHm3anusHbIH — CYHBIK
OHIMJIEpiHIH THAPOTa3aJaFbIll TEXHOJOTHSJIBIK CHUIIaTTaMalapblH JKakcapTyra Oosaapl, ['mOOC sHEPrusch
MEH CYHBIK OHIMIEepAIH TuApocyibdupiey YpAiCiHIH KbUIAAMIBIK KOHCTaHTTAJIAphl KUHETHKANBIK Tere-
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TeHJIK TaciaMeH ecentengi. ['mapocynbdupney ypaiciHig THIMII yakbIThl 15-25 MUH eKeHAIri KepCeTii.
200 °C-peitinri ¢pakuusHbIH KypambiHaa Kykipt memmepi — 0,043 %, an 200-300 °C apanbirbiHza —
0,065 %, OyJ1 xoFapbla KeNTIpiIreH KaTaJu3aTop KaThIChIHAA TMAPOr€HHU3aTThl THAPOTA3aAIay 1OPEKECIHIH
JKOFaphl €KEHJITiH KepceTTi. AG-IiH >KOFapFbl MOHI OCHI TEMIIEPaTypajblK apaibIKTa THIPOCYIb(HUpICY
YPAICiHIH TepMOAMHAMHKAIIBIK JKYPY MYMKIHIITIHIH KOFaphl eKeHIITiH qonenneni. bymr manimerTep ypuicti
JKYPTi3y/iH eH KOJailJIbl )KaFIaiblH aHbIKTay OOMBIHIIIA YCBIHBICTBI )KacayFa KaKeT.

Kinm ce30ep: rupponecynsdypusanysiiay, FTHApOreHU3aT, KHHETHKAIBIK TAJIIay TeHe-TEeHITI.
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KuneTuka u TepMoaMHAMHUKA Npo1ecca ruApoodeccepuBaHUs THAPOTreHU3aTa
1y0apKoJIbCKOr0 yriist

[Tpu nepepaboTke yrieit, HehTel, COAEPKAIINX COSANHEHHS CEePbl, MOJIyYacMble TOIUTUBHBIC KOMIIOHEHTHI HE
ynosnetBopstoT TpeboBanusM 'OCToB no comepskanuio cepbl. Cepa OTpULIATENIBHO BIUSIET HA KaUueCTBO I1e-
JIEBOTO TNPOJYKTa M 3aTPyHHSET HMepepadoTKy, MOITOMY T'MAPOOOECCepUBAHUE YTOJIBHBIX THIPOTCHU3ATOB,
HeTeld — BaKHBIN 3Tall Mepel UX JanbHernield nepepaboTkoit. I KUIKUX MPOAYKTOB (YTICBOAOPOJIOB)
CCPHUCTBIC COCIUHEHUS ABIIOTCA OYCHb BpeJHOH mpuMechblo. OHM TOKCUYHBL, NPUIAIOT KUJIKUM IIPOAYK-
TaM HETIPUATHBIN 3arax, BPeAHO OTPAXKAIOTCs Ha aHTUICTOHAIIMOHHBIX CBOMCTBAaX GSH3MHOB, CHOCOOCTBYIOT
CMOJIO00pa30BaHUIO B JBUIATENISAX BHYTPEHHEIO CrOpaHMA U, IVIABHOE, BBI3BIBAIOT KOPPO3UIO MeTaIoB. I1o-
STOMY TNPHUCYTCTBHE OTHX BEIIECTB KpailiHe HEeXenaTedbHO M HenomycTuMo. MccienoBaH mporecc
runpoodeccepuBanus ruaporennzata u3  yrasg  LlyGapkoiabCKOKO MECTOPOXKICHHS B IMPHUCYTCTBUH
KaTajau3aTropa MUPUTa U MPUPOJHOTO LEouTa. MeToI0M PaBHOBECHO-KMHETHYECKOTO aHAJIN3a PacCUUTaHBI
KOHCTAaHTBI CKOPOCTH IIpOIiecca THUAPOOOecceprBaHMs SKHIKHX IPOIYKTOB M SHeprus ['mb0ca, koTopsle
HEOOXOIUMBI ISl YITyUIISHUsS TEXHOJIOTHYECKHX I1apaMeTPOB I'MAPOOYHCTKU JKUAKUX HPOIYKTOB THIpPOTE-
Hu3amu. [lokazaHo, 4To onTUMaNbHOE BpeMs mporecca ruapoodeccepuBanms 15-25 mun. Coxepxanue ce-
ps! Bo dpakimu 10 200 °C — 0,043 %, a Bo ¢pakmuu 200-300 °C — 0,065 %, 4TO CBHAETENECTBYET O BBICO-
KOM CTENEeHU TMAPOOYNCTKH THAPOTeHH3aTa B IPUCYTCTBUU YKAa3aHHOTO BhINIE KaTanuzaTopa. Beicokoe 3Ha-
yeHrne AG (o abCoIOTHON BEMMYUHE) TOBOPUT O BBICOKOM TEPMOAWHAMUYECKON BEPOSTHOCTH MPOTEKAHUS
npoliecca ruapoodecceprBaHsl B JAHHOM TeMIEpaTypHOM HHTepBasie. DTU AaHHbIE HEOOXOIUMBI IS pas-
paboTKU peKOMEHAIMH 110 OIPEIEICHHUIO ONITUMAJIbHBIX YCIOBUI MPOBEIECHHS IpoLecca.

Kniouesvie cnosa: rnnpogecyﬂbq)ypmaunﬂ, TUApOreHus3anus, paBHOBECUC KUHECTHICCKOI'O aHaI13a.
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