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CRYOSCOPIC ANALYSIS OF THE SHALE OIL

Abstract

Some problems of the cryoscopic method of the average molecular mass determination of
shale oils were studied and a modification of the method is proposed. Diphenyl ether,
diphenylmethane, dioxane, and benzene were compared as cryoscopic solvents. The presence
of molecular complexes in the shale oil hampers an accurate determination of its molecular
mass by cryoscopic methods.

Diphenyl ether is recommended as a solvent for the cryoscopic determination of the
molecular mass of the shale oils and their components. It yields more accurate results, as
compared to other suitable solvents; besides, it is not hygroscopic, less toxicant, has a low
vapor pressure and makes measurements at ambient temperature possible.

Diphenylmethane is suitable for the determination of the molecular mass of the
hydrocarbons, but cannot be applied to polar compounds.

Cryoscopic methods are usually used for the determination of the molecular mass of
the shale oils. All the modifications of the cryoscopic methods are based on the
measurement of the depression of the solvent freezing point that arises as a result of
the sample addition to the solvent. The application of cryoscopic methods is
advantageous if the samples to be measured are mixtures of volatile and nonvolatile
components, or are unstable, or reactive. These methods are well developed and are
applied to shale oils for many years. Nevertheless, some methodical problems may
occur. Shale oils are complicated mixtures of compounds having a different chemical
nature - hydrocarbons of the various types, compounds of oxygen, nitrogen, sulfur,
etc. The molecular mass of these compounds may not always be determined by
means of the same solvent with the required accuracy.

In most cases benzene, and sometimes dioxane, are used as solvents for the
molecular mass determination of shale oil products. However, these solvents,
especially benzene, have serious disadvantages. Benzene forms so called solid
solutions with phenols, thiophenes, pyridine, some naphthenes, and paraffins [1—3].
This results in an increase of molecular mass during the ineasurements. Polar
compounds, such as phenols, carboxylic acids, nitrogen compounds, when measured
in benzene, also show molecular masses that are too high due to the molecular
selfassociation. Benzene and dioxane are toxicant and have a high vapors pressure
at ambient temperature. As dioxane gives solutions with water, this solvent must be
dried carefully. Freezing points of benzene and dioxane are not convenient for the
measurement at the ambient temperatures.

For these reasons we propose that solvents such as diphenylmethane and diphenyl
ether will be much more suitable for measuring the molecular mass of the shale
oils. These solvents have higher freezing points, as compared to benzene and
dioxane, which makes measurements at ambient temperature possible. The
cryoscopic constants of these solvents are high enough; this provides for a high
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accuracy of the determination. Diphenylmethane and diphenyl ether are not toxic and
not hygroscopic; formation of solid solutions with sulfur compounds is unknown.
Some of the properties of these solvents are shown in Table 1.

Table 1. Some Properties of the Pure Solvents [1, 4]

Characteristics Benzene Dioxane Diphenyl- Diphenyl
methane ether
%

Molecular mass 78.11 88.10 168.23 170.21
Freezing point, °C 5.533 11.80 2535 26.84
Boiling point, °C 80.1 101.32 264.3 ! 257.9
Cryoscopic constant,

°C/mol/1000 g* 4.995 4.667 6.423 7.727
Vapor pressure

at 20°C, mm Hg 75 27 0.02 0.03
Toxicity o o - -
Miscibility with water - A - -
“Our data.

Experimental

The 200—320 °C fraction of the Israel shale oil was the topic of the investigation
by the cryoscopic method. The main components of the oil are hydrocarbons, alkyl
thiophenes, phenols and nitrogen compounds [5—7]. The fraction was separated into
three groups of compounds - pyridine bases extracted with the 20 % solution of
sulfuric acid, phenols extracted with NaOH aqueous solution, and washed oil. The
characteristics of the products of the separation are presented in Table 2.

Table 2. Characteristics of the Products of Separation
of the 200—320 °C Shale Oil Fraction

Characteristics Washed oil Phenols Pyridine bases

Elemental

composition, %:
€ 78.84 72.21 78.60
H 11.53 7.85 8.58
O 1.09 12.32 3.09
N 0.64 1.17 7.80
S 7.90 5.95 1.93

The tested solvents were first used for the molecular mass determination of
individual compounds of a different nature, representing main components of the
shale oil: hydrocarbons and compounds of sulfur, nitrogen, and oxygen. The quality
of the reagents used is shown in Table 3. The compounds’ purity was determined by
means of gas chromatography or by the crystallization temperature.
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Table 3. Characteristics of the Used Reagents

Compound Density at 20 °C, Temperature of Content of the
gloem?® crystallization, °C principal
compound, %

Benzene - i 5.50 99.9
Dioxane - - 11.50 99.6
Diphenyl - 69.10 99.1
Diphenyl ether - 26.77 99.8
Diphenylmethane - 25.14 99.6
Heptane 0.6839 - 99.8
Phenol - 40.65 99.3
Quinoline - 1.0935 - 99.4
Thiophene 1.0652 - 99.5
Toluene 0.8670 - 99.9

The molecular mass determination was carried out according to the method
described in [1]. Standard solvent quantity was 25 ml. The bath temperature was
maintained by 5 °C lower than the solution freezing point. The solution was
supercooled at 0.2—0.3 °C. The temperature depression was measured by means
of a Beckman thermometer.

The measurements were carried out at various concentrations of each substance,
and the molecular mass at each point was calculated. The obtained values were used
in the calculation of the molecular mass at the infinite dilution [1]. The cryoscopic
constants (more precisely, the apparatus constants) were determined by toluene (see
Table 1).

Discussion

The results of the experiments are presented in the Figure (the data for the molecular
mass calculation of phenol and thiophene, when measured in benzene, are taken from
the references [1] and [8]). One observes, that the values of molecular mass, as
determined with diphenyl ether as a cryoscopic solvent, are very close to calculated
ones for individual compounds. It enables one to suppose that diphenyl ether gives
the best results for the shale oil components as well.

Dioxane, unlike benzene, does not form anomalous solutions with thiophene and
phenol. However, it gives anomalies in the solutions with heptane that results in
molecular mass overstated by ~9 %. To a lesser extent, this deviation in the
molecular mass of heptane one can see in the case of the other solvents. An
overstating of the molecular mass, measured in dioxane, is observed also for the
washed oil, as compared to that determined with diphenyl ether and
diphenylmethane. This fact confirms the presence of the compounds with long alkyl
chains in the shale oil; these compounds were found by us earlier [5].

Diphenylmethane can be used for the determination of the molecular mass of
hydrocarbons; however, this solvent, as well as benzene, is not suitable for polar
substances, to which belong phenols and bases of the shale oil (it is worth noting that
shale oil bases behave in different way as compared to quinoline). The constant of
the association of pure phenol in diphenylmethane at 25 °C is 0.34 1/mol (this
constant 1is calculated according to the method of Rossotti [9] and is equal to the
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slope of the curve B/S = f(S), where B - analytical, und S - measured concentrations
of phenol). It is less than the constant of the pheneol association in benzene, which
is 0.57 1/mol at 25 °C [10]. This explains a lesser overstating of molecular mass of
phenol when measured in diphenylmethane as compared to that measured in benzene.
The constant of the association of shale oil phenols in diphenylmethane calculated
according to the same method is 0.76 1/mol, i.e., more than in the case of phenol
itself. This indicates that shale oil phenols contain compounds which may form
additional H-bonds. It was shown [11] that phenols form high polar associates with
other oxygen compounds and with compounds of nitrogen and sulfur. Thus, a higher
value of the association constant of shale oil phenols as compared to that of the
individual phenol may be explained by the presence of molecular complexes in the
shale oil.

Conclusion

Some problems of the cryoscopic method of the average molecular mass
determination of shale oils were studied. The presence of molecular complexes and
polar compounds in the shale oil hampers an accurate determination of its molecular
mass by cryoscopic methods.

Diphenyl ether is recommended as a solvent for the cryoscopic determination of
the molecular mass of the shale oils and their components. It gives more accurate
results, as compared to other suitable solvents; besides, it is not hygroscopic, less
toxic, has a low vapor pressure and makes measurement at ambient temperature
possible.

Diphenylmethane is suitable for the determination of the molecular mass of the
hydrocarbons, but cannot be applied to polar compounds.
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M. [IOJOPOJKAHCKHH, B. PAUHBEPI, C. JIEHYTEP, I. XETCPOHHA

KPHOCKOITMYECKHUW AHAJIU3 CIIAHIIEBOH CMOJIBI

Pesrome

PaccMoTpeHbl HEKOTOPbBIE MPOOIEMbI KPHOCKOIIMYECKOTO aHAIM3a CIAHIIEBBIX CMOJ K
NOOOOHBIX UM CJIOXHBIX cMmeceil. [IpoBelleHO cpaBHeHHE IHMEHHIOBOro 3sdupa,
nudeHUIMeTaHa, JMOKcaHa M OeH30Ja KaK KPHOCKOMUYECKHUX DPacTBOPHTENIEH.
IIpucyTcTBHE MOJIEKYJIIPHBIX KOMILIEKCOB B CIAHIIEBOM CMOJIE MPENSTCTBYST TOYHOMY
OIPENCIICHUIO €€ CPEIHEN MOJIEKYJIIPHOW MacChl.
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OnpepnelieHHE MOJICKYJIIPHOM Macchl HHIUBUNYAJILHBIX BEIIIECTB U CIAHIEBOM CMOJIbI
B Pas3iMYHBIX DPACTBOPHUTENSIX (CM. PHCYHOK) IIOKa3bIBaeT, YTO HauboJiee TOYHBIS
pesynbTaThl naeT pgudeHuNoBem  3dup. Kpome TOro, STOT pacTBOPHUTEIH
HETUIPOCKONMYEH, UMEET HU3KO0E NaBJICHHUE I1apOB, HETOKCHYEH U IO3BOJIAET IPOBOAUTH
HU3MepeHUs IPH KOMHATHOHM TemmepaTtype. JudeHNN0BbI 3DUDP PEeKOMEHIOBAaH s
OIpeNeJICHUsI CPeJHEr0 MOJIEKYJISIPHOTO Beca CIAHIEBBIX CMOJ KPHOCKOIMYECKUM
METOLOM.

OudbeHUNOBLIA MeTaH I[PHUTONEH [JII ONpedelieHHS MOJIEKYJSPHBIX BECOB
YTIIEBOJOPONOB, HO aeT HETOYHbIE PE3YJIbTAThI IJIS MOJSIPHBIX COCOUHEHUH.
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