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ABSTRACT 

This report reviews current methods used for determining molecular weight 
of fossil fuels. It emphasizes the strengths and weaknesses of the different 
methods when applied to the types of samples that may be encountered in upgrading 
research. 
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RÉSUMÉ 

Ce rapport regroupe les différentes méthodes analytiques utilisées pour 
la détermination du poids moléculaire moyen des combustibles fossiles. L'emphase 
est mise sur les forces et faiblesses de chaque méthode lorsque appliquée au type 
d'échantillon rencontré en recherche sur la valorisation. 
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1- Introduction 

Molecular weight is an important parameter in the characterization of feed 
samples encountered in upgrading low grade fossil fuels into transportation 
fuels. Molecular weight gives an idea of the average molecule present in the 
feed. Used with other information, it could be used to determine the type of 
conditions needed for successful upgrading. 

However, the usefulness of this information is reduced by the fact that 
the molecular weight determination methods often disagree on the absolute value 
associated with a particular sample l . The present report reviews the different 
methods used for MW determination of fossil fuels and emphasizes the strengths 
and weaknesses of each technique. 

In this report, analytical techniques have been grouped in four categories 
depending on the type of properties used as a basis for measurement: 

- Colligative properties: 
- osmometry 
- cryoscopy 
- ebullioscopy 
- isothermal distillation 

- Transport phenomena: 
- ultracentrifuge 
- viscosity 
- diffusion 

- Spectroscopy 
- nuclear magnetic resonance 
- mass spectrometry 

- Chromatography 
- liquid chromatography 
- simulated distillation 

A fifth category groups mathematical methods based on correlation with 
physical and chemical properties. It can be noted that several of these methods 
have been adapted from polymer analysis methods since heavy crudes can have 
properties similar to polymers. 

2- Colligative properties 

Colligative properties are dependent on the number of particles present 
in the sample and it can be demonstrated that the measurement of any colligative 
property always yields the number average molecular weight (Mn ) 2,3 . Methods 
covered by this category are vapour phase osmometry, cryoscopy (or freezing point 
depression), and ebullioscopy (or boiling point elevation). 

a) Osmometry 

Classical membrane osmometry uses the osmotic pressure difference between 
two solutions to calculate the molecular weight. Variations in osmotic pressure 

between a sample and a reference solution across a permeating membrane could be 

measured by monitoring liquid levels in capillaries. Although this method gives 



reliable data for heavy polymers, it is not suitable for low mass polymers 

(<15000 daltons) 2 . Therefore it cannot be applied to crude oils and will not be 
discussed further in this report. 

Modern vapour phase osmometry (VPO) uses the difference in vapour pressures 
between a sample solution and pure solvent to calculate the solute average 

molecular weight. Two thermistors are placed in a vapour saturated cell. When 

solvent drops hang from the thermistors, the temperature difference is zero. If 

a solution drop replaces the solvent drop on one thermistor, solvent vapour 
condenses to dilute the solution. Heat resulting from the condensation process 

generates a temperature difference between the thermistors. Since this 
temperature difference is dependent on the molality of a solution, i.e., the 

number of moles of solute per unit mass of solvent,?  it is possible to calculate 
the number average molecular weight of the solute'. 

This method is especially suitable for low molecular weight solutes since 

the temperature difference (thus the sensitivity) is inversely proportional to 

the molecular weight. Because of the simplicity of the method, vapour phase 

osmometry (VPO) is very popular for the MW determination of fossil fuels, coal 
liquids and humic substances4- 1° . However, measurements are dependent on 

solvent, concentration and temperature. Influence of solvent is partly due to 

solvent-solute interactions like dipole-dipole interactions, hydrogen bonding 
and charge transfer complexes 8 . Moschopedis et al  also related VPO results 
to the dielectric constant of the solvent. Solute-solute interactions are also 

possible because of the polar nature of the samples, especially 
when the solutions are concentrated. If it is the case, molecules tend to 
agglomerate leading to significant error in estimation of the molecular weight. 

It is also important to note that the theory of the method is based on ideal 

solutions (infinite dilution). However, because of sensitivity, there is a limit 

on the low concentration (typically 1-10% by weight) that can be used which has 
an influence both on the ideal behaviour of the hardware and on the occurrence 
of undesirable interactions. About the concentration effect, Chung et al 5  
reported that the relation between concentration and voltage differential 
("readings") can be linear or curved depending on the concentration range. If 
the relationship is different for the standard concentration range compared with 

the sample concentration range, this can lead to significant errors in MW values. 
Finally, the MW determination is dependent on the temperature at which the 

measurement is made 8  

b) Cryoscopy and ebullioscopy 

These two methods are based on the fact that phase transition temperatures 
of a solution are affected by the concentration of the solute2,3 . As the 

concentration increases, the liquid state range increases, i.e., normal freezing 

point decreases and normal boiling point increases. As with osmotic pressure, 

the temperature variation is approximately proportional to the molality of the 
solution and inversely proportional to the number average molecular weight. 

In ebullioscopy (or ebulliometry), a solute is dissolved in a liquid, 

resulting in a vapour pressure reduction directly related to the solvent 

activity. An increase in temperature is then required to bring the vapour 

pressure of the solution back to atmospheric pressure, and this boiling point 

elevation is directly related to concentration and molecular weight. In polymer 

analysis, the principal problem of ebulliometry arises from superheating which 

,11 .  



raises the observed boiling point above its true thermodynamic value. Methods 
have been described to overcome this problem 2 . Since the boiling point of a 
liquid is dependent upon pressure, ebullioscopy is also sensitive to pressure 
change. This led to the development of differential measurement instruments to 
improve on the accuracy of the method. Application to crudes and bitumens12  
raises additional concerns as for VPO, i.e., concentration limits and solvent-
solute or solute-solute interactions. In addition, the presence of low boiling 
fractions interferes in the measurement of molecular weight because of 
evaporation losses. Therefore, ebullioscopy is not very popular for analysis of 
fossil fuels. 

Cryoscopy is closely related to ebullioscopy. Calculations are similar 
except that the freezing point depression is monitored. Since the cryoscopic 
constant is usually greater than the ebullioscopic constant, this method 
generally offers greater sensitivity. One major problem is to ensure that the 
solute will not precipitate at temperatures close to the freezing point. 
Similarly to ebullioscopy, supercooling of the solution can be problematic and 
high concentrations and molecular interactions can cause significant errors. 
Cryoscopy has been used to some extent in characterization of fossil fue1s 13-17  
As for VPO, MW values are also dependent on concentration and solvent type and 
high values for asphaltenes may be due to molecular aggregation13 . 

Of the three methods mentioned here, only VPO and cryoscopy would be 
suitable to samples containing low molecular weight components and thus would 
be suitable to whole crudes. Since these methods depend on solubility, one must 
be careful that the sample is well dissolved before making any measurement. 
Because of the simplicity of the method and instrumentation and of its 
applicability to a wide range of materials, VP0 is the most popular colligative 
property method used in fossil fuel characterization. 

c) Isothermal distillation 

The main difference between VP0 and isothermal distillation is that larger 
amounts of solution are maintained under isothermal conditions 18 . It is 
postulated that the speed of distillation is proportional to the difference in 
vapour pressures of the two solutions that are compared. The speed of 

distillation is measured by the movement of unbalanced scale arms vs time. It 
has been found that the relation between the speed of distillation and the 
concentration is linear if the differences between the molar concentrations are 
small. Like most of the methods cove -red in this report, this method has been 
developed for polymers. However, it has also been checked for low MW compounds 
and low MW polymers and accuracy was within experimental error (±5%). Results 
were comparable to cryoscopy. Disadvantages of this method are time-consuming 
measurements and limited choice of solvents 20 . 

3- Transport phonomena 

Some MW determination methods depend on properties of solution related to 

flowing or transport properties. These methods include ultracentrifugation 

(sedimentation), diffusion and viscosity. While sedimentation and diffusion are 
related to the motion of molecules through a stationary solvent, viscosity is 
a measure of the relative motion of the different components of the whole 
solution. 



a) Ultracentrifuge  

Ultracentrifugation is based on the sedimentation of molecules originally 
dissolved in an homogeneous solution. A special optical system in the centrifuge 
measures the local concentration as a function of radius. There are two methods 
of measuring the molecular weight from sedimentation2 : the sedimentation velocity 
method and the sedimentation equilibrium method. The first one uses high speed 
and measures the rate of sedimentation. The second one uses lower speed at which 
sedimentation would equilibriate with diffusion. In this case, the instrument 
measures the concentration gradient established at equilibrium. This method is 
most often used. The sedimentation rate or sedimentation concentration gradient 
can be related to the weight average molecular weight (Mw ). In theory, other MW 
averages (Mn , Mz ) can be calculated but in practice, calculations are tedious. 
Other limitations are the time requirements (up to 40 hours) and the need to 
apply complex corrections in many cases. The other major problem with oils is 
the presence of low molecular weight species. 

b) Viscosity 

In polymer analysis, viscosity is often used to measure molecular weight. 
Even dilute solutions of polymers have a high viscosity which easily 
distinguishes them from solutions of low MW species. The specific viscosity is 
a measure of the relative increase of time taken by a known volume of solution 
to go through a capillary as compared to pure solvent. The intrinsic viscosity 
can then be calculated as: 

[n] = lim nsp  =K >  Ni mil+a 

c->0 	 Ni Mi  

The viscosity average My  is then calculated from: 

my  = 	Ni mil+a 	1/a 

E Ni  Mi  

Since 'a' lies generally between 0.5 and 0.8, then Mn<My<Mw  so that My  is 
not related to any other MW average. This does not help for comparisons between 
MW values. Other limitations areL ,21: 

- My  is dependent on solvent and temperature because 'a' is an experimental 
parameter. 

- Low MW species are not easily determined because the difference in 
viscosity is hardly detectable. 

- My  is also dependent on the type of sample which does not help calibration 
and analysis of oil and bitumen samples. 

- 'K' and 'a' constants cannot be determined accurately for oil, residue or 
asphaltene samples. 

c) Diffusion 

This method is based on the band broadening effect that occurs when a 
sample flows through a capillary tubing due to the diffusion of molecules towards 
solvent surrounding the solute band. It has been shown that the extent of band 



broadening can be related to the molecular weight of the solute. The 
instrumentation is similar to HPLC apparatus except that the column is replaced 
with a capillary tubing having an internal diameter similar to that of connecting 
tubing used in HPLC (approximately 0.02" )22-24.  Measurements are done in a 
portion of the chromatographic Van Deemter curve 25  where the contribution from 
unwanted terms is negligible so that the diffusion can be directly related to 
the number of theoretical plates. The diffusion is assumed to obey a Gaussian 
function. When these two conditions are met, the logarithm of the diffusion (log 
D) is linearly related to the logarithm of the molecular weight (log M) and yield 
a density average molecular weight, Md . 

The method has been used for polymer22,23  as well as crude oi1 24  samples 
and a relation between Mn , Mw  and Md  has been determined allowing the calculation 
of one value from the two others thus allowing comparison between methods 23 . But 
the experimental conditions have to be carefully controlled. In addition to the 
conditions stated above, the flowrate must be carefully optimized to ensure a 
proper elution profile approaching that of a Gaussian curve22 . The length of the 
capillary tubing is important because it directly affects the precision of 
measurement on the peak width. Also, although it would not be a problem with 
oil or residue samples, very high molecular weight species might have unusual 
flow properties in capillary tubing due to higher friction and viscosity. 
Finally, the system would be subject to the same type of concentration problems 
encountered in other methods where the sample is diluted in a solvent. 

4- Spectroscopy 

Spectroscopic methods can also provide a way of calculating or estimating 
the molecular weight of oils and coals. These methods usually involve some 
computation from information given by the spectrum acquired from the samples. 

a) Nuclear magnetic resonance (NMR)  

Nuclear magnetic resonance (NMR) is a technique providing information on 
the composition of samples, i.e., on how atoms within a molecule are arranged 
relative to others. 1H- and 13C-NMR can inform about aromatic-aliphatic content, 
presence of various functional groups, and types of chemical bond present. On 
single components, this can lead to the elucidation of the molcular structure. 
On complex samples, it gives some information on the different atomic 
environments present in the sample molecules. 

In order to calculate the molecular weight, calculations use information 
on terminal functional groups and their relative concentration compared to non-
terminal groups 26 . Limitations of this method are: 

- many assumptions and shortcuts are used to approximate the MW value; 
- results are not as reliable as other less complicated and more popular 

methods; 
- technique is costly and necessitates an experienced operator; 
- extensive calculations are needed. 

b) Mass spectrometry 

In mass spectrometry, sample molecules are ionized and the produced ions 
are discriminated according to their mass/charge ratio. Among the several 



ionization techniques, three can provide mass distribution because produced ions 
are not extensively fragmented into smaller ions: field ionization mass 
spectrometry, low voltage electron impact MS and chemical ionization MS25 . 

i) Electron impact (El) and chemical ionization (CI) 
In the El mode, molecules are ionized when crossing a beam of 

electrons. Produced ions are transferred to the mass analyzer which gives 
their m/e ratios. Usual  ET  (70eV) spectra show extensive fragmentation but 
a lower voltage (10-20 eV) can be applied to reduce its extent and mainly 
produce molecular ions. Thus molecular weight can be estimated27 . However, 
response factors are not the same for all components and some aliphatics 
undergo non negligible fragmentation even at low voltages; thus, 
calibration might be problematic. 

Low voltage/high resolution mass spectrometry on magnetic sector 
instruments (LV/HRMS) has also been used for MW determination. Although 
its primary use is to give detailed compositional analyses28-30 , the 
generated data can be used to obtain MW information. The major problem with 
LV/HRMS is the lack of sensitivity which can lead to repeatability 
problems. Lumpkin and Acze1 28  also mentioned that the method gives better 
results with double bond compounds than with saturated compounds as in low 
resolution  El instruments. Finally, high resolution instruments are very 
costly. 

In the CI mode, a gas is introduced in the source with the sample. 
This reactant gas undergoes  ET in order to produce reactive ions which 
react with the sample molecules to produce mass spectra. CI spectra have 
a fragmentation pattern intermediate between the simple FIMS spectra and 
the complex  El spectra. Also, the addition of gas molecules, e.g., CH4, 
isobutane, is not 100% efffective. Because of these shortcomings, the 
technique is very seldom used for the purpose of molecular weight 
calculation of complex samples although it can provide a good estimate of 
the molecular weight distribution31, . 

ii) Field ionization MS (FIMS) 
In FIMS, the whole sample is introduced in the system and the source 

is heated in order to gradually introduce molecules in the mass analyzer. 
The molecules are ionized by an electric field strong enough to remove one 
electron. Usually, there is little or no fragmentation of the ion. FIMS 
provides the simplest mass chromatograms consisting of almost exclusively 
molecular ions. Thus, it represents the true mass distribution of sample 
components. Of course, the main advantage of FIMS is that it provides a 
distribution of material which allows the determination of several MW 
averages (Mn ' MW' MZ ) that can be compared to other methods. 

The technique is best suited to high molecular weight materials. It 
can be used to study heavy oils, bitumens and pitches27,13,34 . It has been 
noted that FIMS yields somewhat lower MW values than more popular methods. 
Of course, FIMS has the advantage of avoiding concentration problems that 
are seen with other methods where the sample is diluted in a solvent. But 
it has also been recently reported that asphaltenes are composed of large 
molecules that entrap smaller molecules 35 . These new data might explain 
some of the discrepancies between MW values. Indeed, these large entities 
would be analyzed as one species by most methods while FIMS would separate 



them into their components. 

Field desorption (FDMS) is a variant of FINS  that can also be used 
for molecular weight distributions with basically the same advantages and 
disadvantages. Both methods gave consistent results for a variety of crude 

oils 34  although FDMS is sometimes considered less reproducible 33 . 

5- Chromatography 

Chromatographic techniques have the same advantage as FIMS, i.e., yielding 
a distribution of sample components and requiring only a small sample. However, 
they are time consuming experiments when compared to techniques such as VPO. 

a) Liquid chromatography (LC)  

Both reverse phase and normal phase LC can be used to monitor the 

distribution of components in a sample. However, due to the nature of packings 
used in these techniques, the distribution is not really related to molecular 

weight or size but rather to the degree of interaction of the components with 
that particular packing. Indeed, high performance liquid chromatography (HPLC) 
has been used to monitor changes in samples before and after treatment or to 

compare selective fractions from sample to sample36 . But in these cases no 

calculation of molecular weight was attempted. 

Size exclusion chromatography (SEC), also known as gel permeation 
chromatography (GPC), has been developed specifically for molecular weight 
calculations. Because of the special nature of SEC packings, solute-packing 

interactions have been kept to a minimum and the elution of the components is 
mostly related to the hydrodynamic volume, i.e., size and shape, of the 
molecules 25 . For polymer analysis, these statements are valid. But in complex 
samples such as crude oils, residues, and asphaltenes, molecules have different 

polarities and properties and elution times vary with the type of molecules 
because the packing is not completely inertl . Nevertheless, the method has been 
applied to pitches37,38 , coal liquids39 -40  , residues 41 , asphalts42 , and 

asphaltenes 43 . 

In addition to the packing problem, other aspects affect the accuracy of 

the MW results43 . Of course, as for other methods where dilution in a solvent 
is involved, concentration problems such as aggregation and precipitation and 
solvent problems such as association could arise. Also, calibration is 
problematic because no standards of similar composition are available. 
Calibration is usually based on narrow polystyrene standards that could have 
elution characteristics different from those of the samples due to different 

interactions with the packing. Finally, the common detectors are not directly 

sensitive to sample mass so the response factors of the different components can 
be very different44 . Bartle et a14°  reported that in SEC of coal derivatives, 
general SEC errors could cause up to 3% deviation while errors associated with 
the nature of the sample could be in the order of 2-40% from detectors, 50-100% 
from the calibration, and up to 200% from the solvent. 

Despite these inconveniences, SEC is still very attractive because it is 

one of the few methods that gives a distribution and it is inexpensive compared 

with mass spectrometry. For this reason, it has been very popular for comparative 



studies between feedstock and product compositions, even though absolute values 
would not be measured. It has been mentioned that secondary interactions could 

result in improper calibration and differences in elution of the various 
components of a sample. However, conditions can be found to minimize these 
interactions45 . Under such conditions, only a small portion of oxygenous 
compounds would elute earlier than expected due to solvent-solute association. 
Therefore, SEC can be used to generate useful numbers except maybe for coal 
liquids where oxygen is present in higher concentration. 

It must also be mentioned that SEC has been coupled to a wide variety of 

detectors in order to improve the validity of the detection or to combine two 

MW determination methods. Usual detectors are the refractive index and the UV. 
These along with the evaporative detector have been assessed earlier 44 . That 

report showed that no detector is ideal and that the evaporative and refractive 

index detectors give complementary results. For 
polymers, novel approaches have been developed such as universal calibration by 

coupling SEC and viscometry4647  or SEC and densitometry48  . These methods were 
never demonstrated with oil samples partly because the variation of viscosity 

or density for small MW molecules is very small if not negligible. In polymer 
analysis, light scattering 49  is very attractive. Low angle laser light scattering 
(LALLS) can be used by itself to determine Mw  values or coupled to SEC for the 

calculation of Mn  and M.  However, LALLS is limited to MW>2000 and therefore is 

not applicable to oil samples or distillation residues. High MW asphaltenes can 
be determined but only if no small molecules are present. The method has also 
been applied to high MW coal derivatives" as a stand-alone method. 

b) Simulated distillation 

Simulated distillation has been widely used in the petroleum industry to 
determine the boiling point distribution of distillates. This technique uses gas 
chromatography to gradually elute components in distillates as their boiling 
point increases. Previous work in this laboratory51  has shown that for the same 

class of non-polar components (aromatics or aliphatics), molecular weight is 
directly related to boiling point via the retention time. Based on this, 
molecular weight distribution was estimated for mono-, di-, and polyaromatics 
of middle distillate and gas oil fractions for which the molecular weight 

distribution was linear. The method was not applied to naphthas because of non-

linear relationships. Since the method provides a distribution, several types 
of MW average (Mn , Mw , etc.) can be calculated as for SEC. 

The method is limited to distillates and relatively light residues because 
of the limitation from the GC operating temperature. This could be overcome by 

using a High Temperature SimDist apparatus or a Supercritical Fluid 
Chromatography system (SFC) which could both chromatograph high molecular weight 
compounds. Prelimi- nary work with distillate model compounds in SFC showed that 

the polar and aromatic fractions all lie on the same calibration curve; only 

saturated compounds lie on a different curve52 . This means that MW could be 

estimated with reasonable accuracy if the concentration of saturated components 
is low. Runs are shorter than with SEC or FIMS and resolution is better than 

with SEC. 



6- Correlation methods  

Several correlation methods have been developed for petroleum and heavy oil 
fractions 53-56 . These correlations have been designed to calculate the average 
molecular weight of distillate fractions and therefore do not provide any MW 
distribution. However, they are based on standard tests that are routinely 
performed on these samples, such as viscosity, boiling point distribution (from 
SimDist), or specific gravity. Correlations have been checked with model 
compounds and with known samples. Results show that they can be reasonably 
accurate with distillates but are less accurate with higher molecular weight 
fractions. Other problems are that they are empirical equations that could be 
different for different types of samples. Also, these equations are based on 
'known' molecular weights of given samples which might be based on methods that 
did not provide accurate results. 

7- Comments and summary 

This report showed that several types of molecular weight values can be 
determined and that results from only a few methods could be directly compared. 
MW values from colligative properties methods (VPO, cryoscopy, ebullioscopy) 
yield number average molecular weight (Mn) and can be compared to SEC and FIMS. 
Light scattering and ultracentrifugation could also be compared to SEC and FIMS 
but for M.  Other methods yield unique average molecular weights (diffusion, 
viscometry) that are difficult to compare with other methods. In some cases 
(ultracentrifugation, isothermal distillation), methods cannot be directly 
applied to oil samples. 

Some methods can measure several types of average molecular weights because 
they provide a distribution that allows calculation of Mn , Mw  or M.  These 
methods, namely SEC and FIMS, have a definite advantage because of their 
versatility and of the extra information on the composition of the sample. SEC 
is attractive because of the low cost and ease of use but conditions (solvent, 
column packing, concentration) must be selected carefully. 

Although it does not provide information on the distribution of materials, 
VP0 is also very attractive because the method is very simple. Its main drawback 
is that MW values can vary if the solvent is changed. The solvent and 
concentration must be chosen carefully to minimize errors. 



REFERENCES 

1. Champagne, P.J., Manolakis E. and Ternan, M., Fuel,  64, 423, 1985. 

2. Billingham, N.C., Molar Mass Measurements in Polymer Science,  Halsted, 1977. 

3. Bonnar, R.U., Dimbat, M. and Stross, F.H., Number-average Molecular Weights:  
Fundamentals and Determination,  Interscience, 1958. 

4. Altgelt, K.H., ACS Prepr., Div. Pet. Chem.,  13(3), 37, 1968. 

5. Chung, K.E., Anderson, L.L. and Wiser, W.H., Fuel,  58, 847, 1979. 

6. Lee, W.C., Schwager, I. and Yen, T.F., ACS Prepr.. Div. Fuel  Chem.,  23(2), 
37, 1978. 

7. McKay, J.F., Amend, P.J., Cogswell, T.E., Harnsberger, P.M., Erickson, R.B. 
and Latham, D.R., Adv, Chem. Ser.,  170, 128, 1978. 

8. Lang, I. and Vavrecka, P., Fuel,  60, 1176, 1981. 

9. Lang, I., Vavrecka, P., Weishauptova, Z., Sebor, G. and Hajek, M., Chem.  
Prum.,  30, 639, 1980 (CA94:159411x). 

10. Zhang, D. and Yang, G., Huaxue Tongbao, (7), 43, 1986 (CA105:175447q). 

11. Moschopedis, S.E., Fryer, J.F. and Speight, J.G., Fuel,  55, 227, 1976. 

12. Zhang, D., Yang, G., Song, E. and Qin, W., Huaxue Tongbao, (11), 657, 1981 
(CA96:145716e). 

13. Speight, J.G. and Moschopedis, S.E., Fuel,  56, 344, 1977. 

14. Ryasnyanskaya, A.Y., Muzychenko, V.P. and Strokina, E.A., Tr., Vses. Nauch.-  
Issled. Inst. Pererab. Nefti,  10, 116, 1967 (CA68:51562w). 

15. Mikhailovskii, D.I., Tadzhiev, A.T. and Yunuskhodzhaev, E.R., Dokl. Akad.  
Nauk Uzb. SSR,  25, 19, 1968 (CA70:98579p). 

16. Marushkin, A.B., Gimaev, R.N. and Khaibullin, A.A., Izv. Vyssh. Uchebn.  
Zaved.. Neft. Gaz,  22, 31, 1977 (CA92:44344u). 

17. Gimaev, R.N. , Otkrytiya • Izobret. ,Prom, Obraztsy, Tovarnye Znaki, (43), 213, 
1981 (CA96:145904q). 

18. Callot, P. and Banderet, A., J. Chim. Phys.,  64, 1260, 1967. 

19. Szilagyi, J. and Szilagyi, Mrs. J., Magy. Kern. Lapja,  24, 180, 1969 
(CA71:4778y). 



20. Szilagyi, J. and Szilagyi, Mrs. J., Kern. Kozl.,  42, 294, 1974 
(CA82:116513s). 

21. Eckert G.W. and Weetman B., rnd. Eng. Chem.,  39, 1512, 1947. 

22. Trumbore, C.N., Grehlinger, M., Stowe, M. and Kelleher, F.M., J. Chrom„ 
322, 443, 1985. 

23. Steuer, W., Jost, K. and Halasz, I., Chromatographia,  20, 13, 1985. 

24. Jost, K., Steuer, W. and Halasz, I., Chromatographia,  20, 700, 1985. 

25. Willard, H.H., Merritt, L.L. Jr., Dean, J.A. and Settle, F.A. Jr., 
Instrumental Methods of Analysis, 6th ed., D. Van Nostrand, New York, 1981, 
1030p. 

26. Leon, V., Fuel, 66, 1445, 1987. 

27. Yokayama, S., Uchino, H., Tanabe, K., Satou, M. and Sanada, Y., Fuel,  66, 
1330, 1987. 

28. Lumpkin, H.E. and Aczel, T., in High Performance Mass Spectrometry: Chemical  
Applications, ACS Symposium Series 70, ACS, Washington, 1976, pp.261-273. 

29. Sturm, J.P. Jr, Green, J.B., Yang, S.Y., Reynolds, J.W. and Yu, S.K-T, Prep.  
ACS, Div. Pet. Chem.,  32, 369, 1987. 

30. Schmidt, C.E., Sprecher, R.F. and Batts, B.D.,  Anal. Chem.,  59, 2027, 1987. 

31. Zakett, D., Shaddock, V.M. and Cooks, R.G., Anal. Chem.,  51, 1849, 1979. 

32. Sieck, L.W., Anal. Chem.,  55, 38, 1983. 

33. St-John, G.A., Buttrill, S.E. Jr. and Anbar, M., in Organic Chemistry of 
Coal, J.W. Larsen ed., ACS Symposium Series 71, ACS, Washington, 1978, 
p. 223. 

34. Boduszynski, M.M., Energy & Fuels,  1, 2, 1987. 

35. Sane, R.C., 
33(3), 237, 

Webster, I.A. and Tsotis, T.T., ACS Prep.. Div. Fuel Chem., 
1988. 

36. Novotny, M. 
523, 1985. 

, Konishi M., Hirose, A., Gluckman, J. and Wiesler, D., Fuel,  64, 

37. Greinke, R.A. and O'Connor, L.H., Anal. Chem.,  52, 1877, 1980. 

38. Lewis, I.C. and Petro, B.A., J. Polym. Sci.,  14, 1975, 1976. 

39. Strachan, M.G. and Johns, R.B., J. Chrom.,  329, 65, 1985. 

40. Bartle, K.D., Mills, D.G., Mulligan, M.J., Amaechina, H.O. and Taylor, N., 

Anal. Chem.,  58, 2403, 1986. 



41. Guieze, P. and Williams, J.M., J. Chrom.,  312, 261, 1984. 

42. Snyder, L.R., Anal. Chem.,  41, 1223, 1969. 

43. Speight, J.G., Wernick, D.L., Gould, K.A., Overfield, R.E., Rao, B.M.L. and 
Savage, D.W., Rev. Inst. Fr. Pet.,  40, 51, 1985. 

44. S. Coulombe, J. Chrom. Sci.,  26, 1, 1988. 

45. Pandey, R.N., EMR Contract # 23440-5-9134/01-SQ, 1987. 

46. Rudin, A. and Hoegy, H.L.W., J. Polym. Sci.,  10, 217, 1972. 

47. Arlie, J.P. and Ducreux, J., Chimie-Actualités, p.41, Nov. 1985. 

48. Trathnigg, B. and Jorde, Ch., J. Liq. Chrom.,  7, 1789, 1984. 

49. Wyatt, P.J., Jackson, C. and Wyatt, O.K., Amer. Lab.,  20, 86, 1988. 

50. Hombach, H.-P., Fuel, 60, 663, 1981. 

51. Coulombe, S. and Sawatzky, H., Fuel,  65, 552, 1986. 

52. Coulombe, S. and Duquette, G., ACS Prep.. Div. Fuel Chem.,  33, 920, 1988. 

53. Rao, V.K. and Bardon, M.F., Ind. Eng. Chem. Process Des. Dey.,  24, 498, 
1985. 

54. Riazi, M.R. and Daubert, T.E., Ind. Eng. Chem. Process Des.  Dev., 25, 1009, 
1986. 

55. Huggins, P., Oil &  Cas J.,  85, 38, 1987. 

56. Riazi, M.R. and Daubert, T.E., Oil &  Cas J.,  85, 110, 1987. 


