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STEPWISE THERMAL DECOMPOSITION OF KUKERSITE

Considering the chemical composition of shale oils they are, as a rule, far from the
state of thermodynamic equilibrium [1, 2] and, hence, the processes of their
secondary transformation are expected to continue during the whole period of
the shale degradation products stay in the hot zone. Earlier we noted
a remarkable role of secondary reactions on final stages of semicoking of
a Lower Eocene oil shale of Uzbekistan [3]. In the present study Middle
Ordovician oil shale "kukersite" (Estonia) was used as the subject as a shale to a
great extent different from the above-mentioned.

Characteristics of the initial shale {(wt. %): analytical moisture W* 1.6, ash
A¢ 33.1, mineral carbon dioxide (CO,), 5.1, organic matter (OM) [OM? = 100
— A! — (CO,),‘] 61.8. Elemental composition of kerogen (wt. %): C 76.0,
H 9.4, S 1.1, N 0.3, O (by difference) 13.2; atomic H/C ratio 1.48.

Thermal destruction of the shale was performed in an electrically heated Fischer
retort using heating rate of 5 °C/min up to the final temperatures of 400, 430,
460, 490 and 520 °C, later an additional experiment has been carried out with
the final temperature of heating 505 °C. At each of the terminal
temperatures shale was heated isothermally for 20 minutes. Thus, a stepwise
thermal decomposition of the shale was realized with the aim of elucidating
processes that take place on the final stages of semicoking.

The shale oils obtained were dephenolized using a 10 % aqueous solution of
potassium hydroxide and then separated into the chemical group compounds
concentrates by thin layer chromatography on silica gel with n-hexane as an eluent.
The oil fractions obtained as well as gaseous products were analyzed by gas
chromatography in columns of different polarity with temperature programming. A
Specord 75IR1 spectrometer was used for getting infra-red spectra of the oils and
solid residues.

The data on the yield of semicoking products and chemical composition of
oils are presented in Tables 1 and 2 as well as in Fig. 1. It follows that the most
intensive oil formation takes place in the temperature region 400-440 °C and at
460 °C the bulk of the oil (above 95 %) is already evolved but generation of
gaseous products continues. Evidently, starting from the temperatures of
about 430-440 °C no considerable oil formation takes place or the processes of its
generation and degradation are in equilibrium.
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Fig. 1. Formation dynamics of the kukersite thermolysis products on the final stage of
semicoking. 1 - gas, 2 - pyrolytic water, 3 to 6 - shale oil (3 - aliphatic and naphthenic
hydrocarbons, 4 - aromatic hydrocarbons, 5 - acidic compounds, 6 - neutral and basic
heteroatomic compounds), 7 - non-volatile residue
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Fig. 2. Dependence of the shale oil density (p,™) on the final temperature of processing
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Table 1. Yield of Thermolysis Products (wt. %)

Final temperature of heating (°C)

Product

P T Ty}
On the dry shale basis

Shale oil 11.1 35.8 39.7 40.5 394 | 41.7
Pyrolytic water 2.9 2 2.9 29 3.0 1.8
Solid residue 80.8 59.0 49.1 47.6 46.2 | 46.6
Gas and losses

(by difference) 5.4 247 8.3 9.0 11.4 9.9

On the kerogen basis

Shale oil 18.0 57.9 64.2 65.5 63.8 67.5
Pyrolytic water 4.4 4.0 4.7 4.7 4.9 29
Solid residue® 74.8 35.5 21.6 20.1 18.6 19.0
Gas and losses

(by difference) 2.8 2.6 95 9.7 12.7 10.6

“On the basis of the data on its yield and composition [W*, A¢, (CO,),].

The curve for density of the oils obtained (Fig. 2) may be explained as a
result of intensifying distillation off heavier fractions of oils with increasing
temperature and destruction of the primary oil at temperatures higher than
490 °C where distillation cannot more compensate degradation processes. In this
aspect, the oil decomposition processes can also occur at lower temperatures but
there the high-boiling fractions distillation effect prevails.

And not only distillation. Though the oil yield, kerogen basis, stays practically
constant in the temperature region 460-520 °C, it does not mean that shale oil is not
generated in this region. Evidently, oil formation and its degradation processes
compensate each other there.

Table 2. The Chemical Group Composition of Shale Oils (wt. %)

Final temperature (°C)

Group of compounds

400 430 460 490 505 520
e e SIS

Hydrocarbons:
Aliphatic and naphthenic 19.3 16.5 17.5 16.6 16.7 16.3
Monocyclic aromatic 4.4 347, 4.4 39 4.1 3.0
Bi- and polycyclic aromatic 14.3 21.2 19.3 20.4 21.1 18.1

Heteroatomic compounds:
48.0 46.1 45.7 45.0 45.8 42.6
Neutral and basic 14.0 12.5 13:1 14.1 12.3 20.0
Acidic
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Fig. 3. Relative intensity of some absorption bands in the IR-spectra of solid residues (cm™"):
1 - 1610/2930, 2 - 780/2930, 3 - 780/1610

Table 3. Composition of the Thermolysis Non-volatile Residues

Analytical moisture W*, %
Ash A%, %
Carbon dioxide of carbonates
(COZ)Md’ %
Total sulfur S¢, %
Pyritic sulfur S;%, %
Organic matter [100 - A? -
s (Coz)Md]]v %
Ultimate analysis of organic
matter:

Carbon, %

Hydrogen, %

Sulfur, %

Atomic H/C ratio

Final temperature (°C)"

0.8
36.9

59
i
0.4

72

82.2
8.6
1.4

1.26

430

1.0
54.2

2.2
5.6
24

0.93

460

1.3
62.7

10.1
0.8
tr.

27.2

81.2
4.9
3.0

0.72

490

1.4
64.0

9.9
0.5
abs.

78.7
4.2
1.9

0.64

10.3
0.5
abs.

24.9

842
29
2.0

0.41

1.4
65.4

9.4
n.d.
abs.

25.2

1.3

1.7
n.d.
0.26

" tr. = traces, n.d. = not determined, abs. = absent

\
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The data on chemical composition of shale oils by gas chromatographic
analysis also reveal the secondary cracking reactions gathering speed as
temperature in the retort increases, especially in the region about 430 °C. Thus,
the concentration ratio of light n-alkanes Cy-C,; to that of heavier ones C3-Cyy
makes up 4.6 at the final temperature of heating 400 °C, 8.4 at 430 °C, 10.3 at
460 °C and 16.7 at 520 °C. The corresponding values for the concentration
ratios of cresols to S-methyl-resorcinol are 0.6, 1.0, 1.1 and 1.2; for
methyl-n-octyl-ketone to methyl-n-pentadecyl-ketone 2.6, 4.0, 4.0 and 4.6.

The yield of non-volatile residue stays relatively constant starting from 460 °C
(Table 1; Fig. 1) though its atomic ratio H/C decreases up to 520 °C (Table 3) and
a notable aromatization begins at 490 °C (Fig. 3). The most substantial loss of
organic carbon, hydrogen, sulfur and organic matter as a whole in the form of
volatile products takes place in the temperature region 400-430 °C (Fig. 4).
Organic sulfur seems to be quite stable as compared with carbon and, especially,
hydrogen, though it is known that in most cases carbon-sulfur bonds are not
thermally stable.

It is interesting to note that pyritic sulfur practically disappears from the
solid residue at 460 °C already. We are of opinion that this is caused by
elimination of pyritic sulfur by formation of hydrogen sulfide (as a result of
reactions with the hydrogen-containing destruction products, including water).

As in the case of Uzbek oil shales [3], the yield of pyrogenetic water on the
kerogen basis is the highest at 490 °C (Table 1). The same is observed as to the
yield of hydrogen sulfide in the kukersite semicoking gases (Table 4; Fig. 5).
This is probably connected with a high thermal stability of sulfur remaining in the
solid residue at higher temperatures and absence of pyritic sulfur that is readily
converted to hydrogen sulfide there. As to carbon dioxide and saturated
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Fig. 4. Content of mineral CO, (I), organic sulfur (2), organic carbon (3), total organic
matter (4), organic hydrogen (5) and pyritic sulfur (6) in non-volatile residues, % of their
content in the initial shale (M)
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hydrocarbons, the main gaseous destruction products except hydrogen sulfide,
their yield kerogen basis increases sharply in the region 430-460 °C, thus indicating
acceleration of secondary cracking processes.

On the whole, the influence of secondary reactions is less pronounced when
processing kukersite shale than in the case of Uzbek oil shales [3], probably due,
at least partially, to the relative enrichment of the former by organic matter and,
hence, a greater velocity of the vapours-gases mixture evacuation from the hot zone
and, consequently, more limited possibilities for the reactions of this type.

Table 4. Composition of Thermolysis Gases (vol. %)

Final temperature (°C)
Compound

400 430 460 490 505 520
H,S 36.2 30.8 223 274 233 19.2
(00 4 29.9 219 203 23.8 28.9 24.8
CcO 15:1 9.4 8.8 6.4 6.5 6.4
H, 2.6 1.6 2.5 3.3 2.6 6.6
CH, 5.5 10.3 14.0 197 8.0 18.3
CH, 39 7.3 9.7 9.3 12:2 9.9
C,H, 1.0 1.6 2.2 2.7 33 2.7
C;H, 157 39 4.4 4.2 53 4.2
C,H, 22 39 45 4.5 5.1 43
CH;o 1.1 2.0 2.4 2.4 T 2.0
C:H; 0.8 1.5 1.9 2.0 2.1 1.6

Yield of kerogen, %
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Fig. 5. Dependence of the gaseous products yield (wt. %, kerogen basis) on the final
temperature of heating. I - CO,, 2 - C,H,,,,, 3- H;S, 4- CH,,, 5 - CO
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Conclusions

1. It has been established that perceivable secondary cracking of the primary shale
oil takes place on the final stages of the kukersite shale semicoking it accelerating
at temperatures above 430 °C.

2. Itis inexpedient to process kukersite at temperatures above 460-470 °C as the
oil yield does not increase at higher temperatures noteworthily, its quality as
well as that of gaseous products does not improve though energy requiements for
heating the shale grows substantially.

3. The role of the shale oil secondary transformation reactions is dependent on the
properties of the initial shale: due to a higher velocity of the vapour-gases
mixture evacuation from the hot zone it is comparatively limited in the case of the
organic rich kukersite.

H. B. BJIAXHHA, K. 5. YPOB
CIYIIEHYATOE TEPMHYECKOE PA3JIOKEHHE KYKEPCHTA
Pesrome

C 1enbi0 NOJYyYeHHS IOMOJHHUTEIBHBIX CBENEHHM O MacluTabe M XapakTepe
BTOPHUYHBIX PEAKIIHAM, MPOTEKAIOIIMNX Ha 3aBePIIAOIIIEM STalle OJIYKOKCOBaHUS
CIaHIIa-KyKepPCUTa, IPOBeNeHa CepUs ONBITOB 0 TEPMUYECKOMY Pa3T0KEHUIO
CTaHIIa B Ja6OpaTOpPHOM ANIOMHUHHUEBOM pETOPTE IPH peXHMe MOLbeMa
Temnepatypbl 1o TOCT 3168-66 1o kOHe4HOM TemmepaTypsl 400, 430, 460, 490,
505 u 520 °C ¢ nocIeoyoLMM aHAIU30M IPOIYKTOB HeCTPYKIIWH.

W3 3KCnepUMEHTAIBHBIX HAHHBIX CIEeOyeT, 4YTO Hauboliee HHTEHCHBHOE
CMOJI006pa30BaHHe HMEET MECTO B TEMIIEpaTypHOM HMHTepBaire 400—440 °C, u
NPU JOCTHXEHHH TeMmepaTypsl 460 °C momaBisrouas 4actb (6oinee 95 %)
CMOJBI yXKe BbIgenunach (Tabu. 1; puc. 1). Hauunas c 430440 °C reHepanus
CMOJIBI 3aTyXaeT KU NMpolecchl ee GOPMUPOBAHMS U Herpamallii HaXOmSTCS B
paBHOBecHH. IIIIOTHOCTH MOJy4aeMOM CMOJIBI BHayalle Bo3pacTaeT (puc. 2),
OYEeBHIHO, B CBSI3M C HHTEHCH(UKAIHEN OTTOHKH G0Jiee TSXKENIbIX (hpaKIIHi Mo
Mepe NOBBIIEHHUS TeMIIEPaTypPHOI0 MOTEHIIHAAa, 3aTeM CHIUXKAETCS; MOCIeTHee
CBHJIETEJILCTBYET O Pa3BUTHH BTOPHYHBIX JECTPYKTHBHBIX peaKIym.

XO0TS BbIpa’kKe€HHBIX CHCTEMAaTHYECKUX U3MEHEHHUH B IPYNINOBOM XMMUYECKOM
COCTaBe CMOJIBI B 3aBUCHMOCTH OT KOHEYHOM TeMIlepaTyphl HarpeBa (Tabi. 2)
He 06Hapy>keHO, U3BMEHEHHUS B MHIUBUIYAIbHOM COCTaBe CyLIECTBEHHBI. Tak,
KOHIIEeHTpalMoHHOe oTHolleHue "nerkux" (C;,—C,;) H-alKaHOB K "TSIKeJbIM"
(C;s—C,;) Bo3pacraerT ¢ 4,6 npu KoHe4HO¥ Temnepatype 400 °C no 16,7 npu 520
°C, MO0 CPaBHEHMIO C BHIIEKMISIUIAMHU 3aMETHO MOBBIIAETCS KOHLIEHTpALTHS
HU3KOKMISAIIUX (EeHOJOB M KETOHOB — pe3yJbTaT KpPEKMHra IepBUYHBIX
NMPOOYKTOB HECTPYKILIMH. KEPOreHa.

AtomHOe oTHouleHHWe H/C B TBepmOM OCTaTKe AECTPYKUMHM MOHOTOHHO
YMEHBIIAETCS C MOBBIIIEHHEM KOHEYHOM TeMIeparyphl (Tabi. 3), 3aMeTHas
apoMaTH3alMs OcTaTKa HauumHaeTcsi mnpu 490 °C (puc. 3). HambGomee
MHTEHCHUBHAS MOTEps HEJEeTyYMM OCTAaTKOM OPraHMYecKOro BellecTBa UMeEET
MmecTto B uHTepBane 400—430 °C (puc. 4). UHTEpecHO, YTO MUPUTHAS Ccepa
MpaKTHYECKH HcuYe3aeT M3 ocTaTka yxe mpu 460 °C, 4TO mO-BHOUMOMY,
06ycioBiIeHO GOPMHUPOBAHHEM CEPOBOIOPOJA B PE3YJIbTATe B3aUMOIEMCTBUS
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STOM Pa3HOBUIHOCTH CEPEI C BOLOPOLCOAEPKAIIUMY NPOLYKTAMH T€PMOIIU3a,
B T. 4. C IMPOreHEeTUYECKOM BOIOM.

BeIxof ra3006pa3HbIX BELIECTB, XapaKTePHBIX MPOLYKTOB KPEKHHIa, B pacyeTe
Ha KeporeH KOppeIupyeT C KOHEYHOM TeMIlepaTypod HarpeBa; OCOOEHHO
3aMeTHO B MHTepBasle 430—460 °C Bo3pacTaeT BBIXOX NIBYOKHCH yriiepoma |
MpenelbHbIX YTIIeBOXOPOIOB (Tabi. 4; puc. 5).

Ha ocHOBe NONy4YeHHBIX NAHHBIX MOXKHO 3aKJIOYHTh, YTO MNepepaboTKy
KYKepCUTa IS ~ NPOM3BOICTBA CMOJIBI HEIENecO06pa3HO MPOBOTUTH IMPH
KOHEYHOM TeMmneparype Bblue 460—470 °C, MOCKOJNBKY TNpH HaJbHEHIIEM
HarpeBe BBIXOJ CMOJBI CYLHeCTBEHHO He BO3pacTaeT, KayecTBO €€ 'He
yIIydlaeTcsl, a YHepreTHYeCKHe 3aTpaThl Ha MepepaboTKy CIaHIla BO3pacTaioT.
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