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ABSTRACT 

In this paper, experimental procedures to identify and characterize the heavy organic fractions 
of crude oils are presented. The heavy organics considered in this study include asphaltenes, 
resins, and paraffin/wax including diamondoid hydrocarbons. A combination of gas 
chromatography-mass spectrometry (GC-MS), gel-permeation chromatography (GPC), 
chromatographic, SARA separations, and a number of titration techniques developed at 
UICffRL are utilized to identify each heavy organic and quantify their concentrations. Results for 
unclassified crude oils used in these studies are reported and discussed in this paper. These results 
have provided an understanding of the overall behavior of the species which precipitate as well as 
of the interactions among them. 

INTRODUCTION 

Heavy organic deposition (HOD) during production, transportation, and storage of 

petroleum fluids is a common problem faced by many oil industries throughout the world. 

Through complex phase transformations dissolved and suspended solids (asphaltenes, 

resins, paraffin/wax, diamondoids, formation solids, etc.) precipitate out of solution. Such 

a phase segregation is generally followed by flocculation of the resulting precipitates (1). This 

situation often results in deposition of flocculated material inside the production tubing, transfer 

pipelines, valves and other processing equipment In many instances these deposition phenomena 

render in complete clogging of flow lines and serious damages to storage vessels and processing 

equipment (1). 

The solution or alleviation of the many technological problems posed by HOD lies heavily on 

a good understanding of the multi-phase behavior of the species which precipitate ( l-6b). It is also 

necessary to understand the interactions amongst these various species in the local environment 
The results presented in this paper are intended to show how experimental measurements 

where phase segregation and flocculation takes place. 
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performed on stock-tank and crude oil samples collected using the API-RP 44 standard procedure 

may provide useful infonnation about the overall behavior of the species which precipitate. 

CRUDE OIL SAMPLE EVALUATION 

Preliminary evaluation of candidate crude oil samples is necessary to ensure the reliability 

of experimental observations. This evaluation must be based on the type of information that needs 

to be obtained from such crude oil samples. Preliminary evaluation will help to decide whether or 

not alternative routes of analysis need to be devised and/or implemented. For instance, when 

the information that needs to be obtained is the onset of asphaltene precipitation, flocculation 

or deposition (6a-1 l), the sample must be microscopically inspected to ensure that this 

measurement is indeed feasible and meaningful. Oftentimes, the candidate oil samples already 

possess large quantities of suspended solids which could very well be precipitated heavy 

organic material in combination with fonnation solids. In this case, it must first be demonstrated 

that the precipitated material does not contain asphaltenes otherwise the "onset" measurements 

will be meaningless because the overall composition of the oil sample itself is past the onsets of 

precipitation (10), flocculation (6a,b), and deposition (11). In a situation like this, alternate 

experimental procedures must be devised to ascertain that a true onset point is measured. 

Generally, the onsets are necessary to tune theoretical models (1, 3-6) used to predict the phase 

behavior of heavy organics in crude oils . However, other experimental infonnation can also be 

used for tuning theoretical models such as total asphaltene content measured with different 

precipitating solvents (1, 3-6). 

Because of the varying nature of crude oils experimental work on heavy organics must be 

tailored to the particular oil sample at hand so that the sought infonnation may be obtained. 

Microscopic Inspection of Crude Oil samples. Microscopic inspection of crude oil 

samples is must be performed as a preliminary step. This preliminary inspection provides the basis 

for future experimental work to be performed on the oil samples as well as guidelines for sample 

handling. A light microscope with magnifications from 200 to lOOOX and equipped with a photo 

camera may be used. Photographs can be obtained by placing approximately 10 µL of the crude 

oil in a microchamber and then perfectly sealing the chamber with a glass cover to prevent 

evaporation of the lighter fractions. In order to obtain representative photographs each 

microchamber slide must be prepared as quickly as possible right before taking the pictures. 

In the studies performed, it has been observed that some crude oils do not show any 

suspended solids even at magnifications of 600X. Therefore, a measurement of the onset of 

asphaltene flocculation can be safely performed in such crude oil samples. However, it has been 
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observed that some crude oils show considerable amounts of suspended solids. At least three 

distinct types of particles of varying sizes are observed in such suspended material. Interestingly, 

the largest particles appear to be comprised of all three types of particles. Thus, a strong 

interaction among the various species in the suspended material may be inferred from these 

microscopic observations. Because of this, measurement of the onset of asphaltene flocculation 

for such crude oils cannot be performed unless the nature of the suspended solids is determined. 

Note that the presence of suspended material in a given crude oil will considerably hinder a proper 

study of its heavy organic fraction. 

In some other crude oils, water (brine) droplets are also observed in addition to the several 

types of suspended particles. In such crude oils, there is a strong tendency for the suspended 

material to concentrate at the droplet-oil interface such that a film surrounds the droplets (and/or 

bubbles). This film is clearly seen in those droplets (or bubbles) which, because of shear forces, 

have been either deformed or ruptured. It should also be mentioned that large aggregates were 

generally observed to interact with these suspended droplets such that lumps of several droplets 

were held together by the suspended solids. It is worth noting that both the suspended solids and 

droplets (or bubbles) strongly adsorb on a glass slide. If the slide is then gently rinsed with 

toluene, most of the material is dissolved leaving on the slide some solid particles and the droplets. 

These liquid droplets were found to be soluble in 2-propanol thus suggesting a water based nature 

(i.e., brine). This demonstrates that some of the species present in crude oils exhibit a surface 

activity at the brine-oil interface. As a result, stable water-in-oil emulsions are expected to be 

formed in such crude oils. Furthermore, the formation of large lumps of suspended solids and 

droplets can potentially result in enhanced deposition rates. 

Note that the water-and-sediment content of a given crude oil can be measured using the 

ASTM D4007-87 standard procedure (2). For further details on this method, the reader is referred 

to the standard procedure. However, it must be pointed out that when persistent water-in-oil 

emulsions are formed by a given crude oil then a suitable additive must be used to break such an 

emulsion. Failure to do this will result in an erroneous measurement 

ONSETS OF PRECIPITATION, FLOCCULATION, AND DEPOSITION 

For crude oils which do not contain any suspended solids, the onset of asphaltene 

precipitation, flocculation and/or deposition can be directly measured. Accurate determination of 

these onsets, as mentioned above, is required in order to test existing theoretical models (1, 3-6b). 
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 Several methods are available for determining the onset of asphaltene precipitation, 

flocculation and deposition with various degrees of accuracy and difficulty. In general, 

these may be classified according to the procedure utilized to detect the onset 

Measurements of viscosity (6a,6b) as a function of precipitating solvent concentration has 

recently been used in our laboratory for the measurement of the onset of asphaltene flocculation. 

Generally, we use this particular experimental technique in our laboratory. 

Measurements of electrical conductivity (7) as a function of precipitating agent have recently 

been proposed for the detection of the onset and amount of asphaltene deposition. 

The Light Transmission (8) method is based on detection of changes in transmitted light 

intensity as a function of precipitant concentration in the crude oil mixture to measure the onset of 

asphaltene deposition. 

A Gravimetric analysis (9) also allows for the detection of the onset of deposition. 

Through Inteifacial Tension measurements (10) between oil and water upon dilution with a 

precipitating agent it is also possible to quantify the onset of asphaltene precipitation. 

The Visual Method (11) is based on the utilization of a microscope with light to visually 

detect the onset of deposition. Visual detection of this point in dark or heavy crude oils may be 

difficult and inaccurate. 

SEPARATION AND ANALYSIS OF SUSPENDED SOLIDS 

Whenever suspended material is observed to be present in a given crude oil the first logical 

step should be the characterization of the suspended solids. The suspended material in any crude 

crude oil can be separated for further analysis by two different methods. In the first method, the 

suspended solids may be separated using a Whatman 42 filter paper and vacuum suction. Most of 

the oil can be removed from the solids by prolonged vacuum suction. Generally, the resulting cake 

(i.e. suspended solids) appears as a black, soft waxy material. After filtration this solid material 

must be stored under nitrogen for further analysis. In the second method, the solids may be 

separated using a centrifuge. Four different samples can simultaneously be subjected to an angular 

velocity of 10,000 rpm for 60 minutes at a temperature of 30°C. Gas tight conical graduated 

centrifuge tubes must be used to minimize losses of light ends and to measure the volume occupied 

by the suspended solids. The supernatant should be carefully and thoroughly decanted from the 

four samples. After separation, the solids must be stored under nitrogen for further analysis. Note 

that these experimental settings have given reproducible results for all the crude oils analyzed in our 

laboratory. The total amount of suspended solids present in crude oil B was measured according 



1. Mix the solid material with n-pentane in a 5CV1 ratio (50 ml nC5 per gram of solids).

2. Heat the resulting mixture for 15 minutes at total reflux conditions.

3. Remove the mixture from the hot plate//condenser assembly and allow to cool for 225 minutes

using continuous mixing (see procedure for total asphaltene content).

4 Centrifuge the solution at 10,000 rpm for 60 minutes to separate the nC5-insoluble fraction. 

Gas tight centrifuge tubes must be used used for this purpose. Transfer the supernatant (nC5-

soluble fraction) from this step to a pre-weighed vial. 

5. Wash the sediment with 5 mL of fresh n-pentane and centrifuge at 10,000 rpm for about half

an hour. Transfer the supernatant from the washing to the pre-weighed vial. repeat this step

until the supernatant is crystal clear.

6. Remove the n-pentane from the nC5-soluble fraction by rotary vacuum evaporation. Once the

n-pentane is removed, weigh the vial and its contents. Determine the weight of the nC5-

soluble fraction by difference and report it as wt% of the total sample.

7. Mix the nC5-insoluble fraction with toluene in a 50/1 ratio. Mix the resulting solution

continuously for 60 minutes and then centrifuge for 60 minutes at an angular velocity of

10,000 rpm. Transfer the supernatant from this step to a pre-weighed vial (nC5-asphaltenes).

8. Wash the sediment from this step with 15 mL of fresh toluene and centrifuge at 10,000 rpm

for about half an hour. Transfer the supernatant to the pre-weighed vial. Repeat this step

repeated until the supernatant is crystal clear.

9. Remove the toluene from the asphaltene fraction by rotary vacuum evaporation. Once the

toluene is removed, weigh the vial and its contents. The weight of asphaltenes is determined

by different and reported as wt% nC5 asphaltenes (of total sample).

10. finally, the sediments left in the centrifuge tube in step 9 should be washed with 15 mL of n

pentane and transferred to a pre-weighed vial. After removal of n-pentane, weigh the vial and

its contents. The weight of the insoluble fraction is determined by difference and reported as

wt% of insolubles (of total sample).

It must be pointed out that care should be taken to minimize the exposure of the mixtures to
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 to the two procedures outlined above. These results are reported in Table 1. Note that crude oil B 

contains a considerable amount of suspended material (2.5909 ± 0.1156 wt%). It must be pointed 

out that the value reported in this table is the average of eight different measurements. 

Characterization of Suspended Solids. Once the solid material has been separated, it 

can be quantitatively separated into nC5-solubles (oils), nC5-asphaltenes, and inorganic material 

using the following procedure developed in our laboratory: 
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The solid material suspended in Crude oil B was analyzed according to the procedure 

described above. Table 1 contains the results from the fractionation of the suspended solids in 

crude oil B. Note from Table 1 that the suspended solids in crude oil B are mainly comprised of 

nC5 soluble material which could very well be paraffin/wax in conjunction with resins and traces 

of oil trapped in the solid. Note also that these suspended solids contain a considerable amount of 

nC5 asphaltenes as well as a considerable amount of insoluble material. The composition of the 

solid material contained in crude oil B suggests a strong interaction among insoluble material 

(clay), asphaltenes, and paraffin I wax. The sizable amount of asphaltenes in the suspended 

solids seems to further support this hypothesis of strong interactions among the several species. 

These data also seem to suggest that asphaltenes segregate out of solution along with the 

paraffin/wax once the cloud of the crude oil is reached ( ~ 33 °C). It must be pointed out that, given 

the poor quality of this crude oil sample, any quantitative studies performed on these oil sample 

regarding their heavy fraction will always be accompanied by a shadow of uncertainty. This 

uncertainty stems from the fact that the presence of the suspended solids makes the handling of the 

sample rather difficult. The solids have been found to adhere very strongly to almost any glass 

surface they come in contact with. These solids have also been found to settle rather rapidly. 

These two facts hinder the proper homogenizing of the stock sample every time aliquots are drawn. 

Therefore, it can hardly be expected that all the drawn aliquots will be identical. This implies that 

the same test must be repeated a number of times in order to have results which are statistically 

acceptable. 

Thermal Analysis of Suspended Solids. If the suspended solids are found to be 

primarily soluble in n-pentane, then a thermal Analysis can be performed on the suspended solids 

to see whether or not it is primarily comprised of paraffin/wax. Note that GC analysis of the 

soluble fraction can also be performed to determine its nature. It can also be analyzed using a 

SARA separation, or any other applicable experimental technique. 

In our case, samples of the suspended solids in crude oil B were analyzed using a Perkin 

Elmer DSC 7 Differential Scanning Calorimeter operated in the sub-ambient mode with Liquid 

Nitrogen as the cooling medium. The DSC 7 is connected to a DEC computer via a TAC 7/DX 

Thermal Analysis Instrument Controller. The generated data were processed with the Perkin 

Elmer 7 Series/Unix Thermal Analysis System Software installed in the computer. 

Before any runs were made, an appropriate (horizontal) baseline was established from -50 to 200°

C with empty pan holders at a scan rate of 20°/min. Once a satisfactory baseline was obtained, 
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 open-air environments. A dry nitrogen environment must be used whenever deemed necessary. 



n-Paraffin he:xatriacontane 

nC36 

Octatriacontane 

nC3s 

Tetracontane 

nC40

Thus, this thermogram suggests that the suspended solids in crude oil B contain a 

considerable amount of high-molecular-weight paraffin/wax species. 

Figure 2 shows the thermogram obtained during the cooling scan of the solid sample. Note 

that crystallization of the sample in this final run begins around 7 l.70°C (nC33). It is worth noting

that the onset point for this thermogram was located at 68.20°C (nC31) and a minimum located at

64.52°C (nC33). Also, note that the solids seem to undergo a crystalline transition during the

cooling process. Note that the observations made in these analyses are in line with reported 

thermograrns for the endothermic- and exothermic-process of mixtures of normal paraffins (12). 
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 it was saved for data processing purposes. Several samples of different mass were analyzed at 

different scan rates in order to determine the best settings for the instrument. The best sensitivity 

and resolution was obtained for solid samples of 10-12 mg and for scan rates of 10°C/min; thus, 

the instrument was calibrated at this scan rate. The system was calibrated using the 

Temperature/ Area calibration procedure: A sample of 6. 682 mg of Indium (99 .9+ % purity) was 

used as a reference material to calibrate the temperature and energy axis of the DSC 7. 

In order to confirm the reproducibility of the thermal analyses, four different samples of the 

suspended solids were crimped in standard aluminum pans and run through the DSC 7. For each 

sample, a forward scan was performed from -50 to 150°C at 10°C/min. The temperature was held 

constant at 150°C for 2 minutes followed by a backward (cooling) scan from 150 to -50°C at 

10°C/min. The forward scan provided useful information regarding the melting point (range) of 

the sample under study. Whereas the backward run provided important information regarding the 

crystallization of the sample being analyzed. 

Figures 1 and 2 show the thermograms obtained for the suspended solids in crude oil B. 

Figure 1' shows the melting curve for the suspended solids in this crude oil. Note the two distinct 

peaks present in this thermogram. The low-temperature peak is believed to be due to a crystalline 

transition. Whereas the high-temperature peak is due to the melting of the last crystalline forms in 

the solid mixture. Note that the maximum of the high-temperature melting peak occurs at a 

temperature of 78.98°C with on onset point at 76.26°C and an end point at around 81 °C. Thinking 

in terms of melting points of normal paraffins, these three temperatures would correspond to, 



► 

�-----� - paraffin/waxes

I asphaltenes

0 clay-minerals 

In this scenario the interactions among clay mineral particles, paraffin/waxes, and asphaltenes are 
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Thus, this suggests that the nC5-soluble fraction of the suspended solids in crude oil B is primarily

comprised of paraffin/wax. 

Insoluble Material. It is also important to determine the amount of inorganic material 

associated with the suspended solids in the crude oil. This a rather simple measurement, the crude 

oil can be dissolved in a good solvent for crude oil and heavy organics (e.g. toluene). In this 

way, the total content of insoluble material can be determined. Note that the insoluble material 

contained in crude oil B was determined using this idea. The insoluble material contained in the 

suspended solids of crude oil B is believed to be clay minerals from the formation. It was 

observed that0.0218g of these solids would remain suspended in n-pentane occupying a volume 

of approximately 1.2 cm3 . Thus, one gram of these solids, if suspended in n-pentane, would 

occupy approximately 55 cm3. It is believed that electrostatic interactions among these colloidal 

particles are responsible for the stability of such a suspension. 

DISCUSSION OF RESULTS IN THE PRECEDING SECTIONS 

It is not surprising that the suspended solids found in crude oil B are primarily comprised of 

paraffin/wax since its cloud point is above room temperature (~33°C). However, what is important

here is the fact that this solid material also contains a substantial amount of precipitated asphaltenes. 

It is apparent from these results that mineral particles and paraffin/wax crystals assist the 

precipitation of asphaltenes. A plausible scenario would be the existence of van der Waals 

attractive forces between mineral particles and asphaltenes. These attractive forces would result in 

the formation of larger particles on which paraffin/waxes may deposit. The figure below depicts 

this type of interactions: 
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assumed to be all physical in nature. Chemical interactions are assumed to be present only among 

asphaltene-particles which may result in larger asphaltene aggregates. 

The preliminary tests performed in crude oil B demonstrate that studies related to its heavy 

fraction must be carefully performed in order to obtain reliable experimental information. This is 

primarily due to the presence of the suspended solids which make it difficult to handle this oil 

sample. Furthermore, the composition of these suspended material suggests a rather strong 

interaction among the three types of species identified (asphaltenes, mineral solids, and 

paraffin/waxes). Therefore, this should carefully be taken into consideration when interpreting 

experimental results. 

TOTAL ASPHALTENE CONTENT 

Although several standard procedures are available for measuring total asphaltene content, it is 

always valuable to determine whether the selected standard procedure yields reproducible results. 

Measurement of the total content of .asphaltenes, particularly nC5-asphaltenes, could be a 

challenging task. It is well known that some amount of resins will precipitate along with the 

asphaltene fraction and insoluble material. It is also known that high-molecular-weight 

paraffin/wax may also co-precipitate out of solution once the crude oil is put in contact with 

solvents s�ch as n-pentane. In addition, a considerable amount of the precipitate will strongly 

adhere to the walls of the glassware used. Therefore, in order to get meaningful and reliable 

results a proper procedure must be developed and tailored to the type of crude oil to which it will 

be applied. It must be kept in mind that this information is particularly useful for tuning theoretical 

models used to predict the phase behavior of heavy organic compounds in crude oils. Usually data 

for the onset of asphaltene flocculation is used to tune the available predictive models. However, 

when onset information is not available then the models can be tuned using total-asphaltene-content 

titration data with different solvents. Therefore, one needs to be certain that such data are correct 

In our laboratory, the basis for the total asphaltene content measurement is the IP 143/90 

standard procedure (13) for n-heptane insolubles. However, this experimental procedure is always 

tested first to ensure that reproducible results can be obtained for the crude oil under study. In 

many cases minor modifications to the procedure must be made in order to achieve the 

reproducibility required. The experimental procedure described below is based on the IP 143/90 

standard procedure (13) for n-heptane insolubles. Note that this procedure was modified to be 

suitable for light crude oils. 



1. Weigh approximately 10.0 g of crude oil in a gas-tight vial to the nearest 0.CXXHg.

2. Add n-pentane solvent in a 30mL-of-solvent-per-gram-of-oil ratio.

3. Mix the resulting mixture continuously for a determined period of time.

4. During the prescribed contact time, place a clean crucible with a 0.22 µm cellulosic membrane

filter in an oven ( l  10°C) for 15 minutes. Remove the crucible from the oven and keep it in a

vacuum desiccator until ready to filter the ·solution. From this point onwards the crucible

should only be handled with forceps. The weight of the crucible must be recorded.

5. Carefully filter the solution through the 0.22 µm cellulosic membrane filter without allowing

the solution to overflow the crucible.

6. Once all the· contents of the flask have been passed through the filter, rinse the flask with

sufficient n-paraffin solvent and pour the washing solvent into the crucible. Wash the filter

cake with clean n-pentane to remove any oil trapped within the cake. The cake must be

washed until the asphaltenes appear a fine black powder. Note that this step is intended to

remove the co-precipitated asphaltenes and must be carefully performed.

7. Dry the· solid cake in an oven at 110°C for 15 minutes and remove it from the oven and place it

in a vacuum desiccator until ready to weigh. Determine the asphaltene content by weight

difference and reported it as wt% of total crude oil.

8. Wash the flask in which the crude/n-pentane mixture was contained 15 mL of toluene to

remove the asphaltenes adsorbed on the walls. Transfer the toluene-wash solution into a pre

weighed vial and remove the toluene by evaporation. Once the toluene is evaporated, weigh

the vial and its contents. Determine the amount of asphaltenes by weight difference. This

amount of asphaltenes was added to that obtained in step 7.
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Given the properties of the light crude oils given the properties of the suspended solids it 

might contain, preliminary experiments must be performed to study the influence of three of the 

most important variables affecting the amount of precipitation with n-pentane. The three most 

important to be studied are (a) amount of precipitating solvent required to obtain a constant amount 

of precipitation; (b) time of contact between crude oil and n-pentane required for constant results; 

and (c) heating time of the resulting mixture. This studies can be performed as described below 

In the first set of experiments, no heating step is used and the amount of solvent is fixed 

at 30 mL of nC5 per gram of oil; and only the contact time is varied. The amount of nC5 insolubles 

can then be determined according to the following procedure: 
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The second set of experiments is perfonned according to the above procedure except that 

in this case the mixture must be heated at total reflux conditions for 15 min counted from the 

time when the first drop of reflux is observed (continuous mixing). Hold the heating step constant 

at 15 minutes and fix the amount of solvent at 30 mL of nC5 per gram of oil for all the runs 

performed. However, vary the contact time between crude oil and n-pentane. 

Figure 3 shows the results obtained for the first and second set of experiments perf onned on 

crude oil B. Note from Figure 3 the large discrepancy in the total amount of precipitated material 

when the samples were not heated at total reflux conditions. The larger amounts of precipitation 

observed whenever no heat was applied is believed to be due to co-precipitation of paraffin/wax. It 

is suspected that paraffin/wax crystals are encapsulated in the large asphaltene aggregates. The fact 

that mixing of the sample for large periods of time still renders in larger amounts of precipitated 

asphaltenes seems to indicate a rather strong interaction between asphaltenes and paraffin/wax. 

When heating is applied, however, the vigorous sonication provided by the boiling of the solution 

seems to disintegrate the asphaltene aggregates such that the paraffin/wax crystals initially trapped 

within aggregates are released. It must be pointed out that the shape of the curve delineated by the 

filled circles (15 min.-heating data) is in agreement with previous observations made in our 

laboratory for the same test performed on a number of different crude oils. 

Based on the results reported in Figure 3, it can be concluded that the final procedure for the 

measurement of the total content of nC5 insolubles should include a 15 minute heating step of the 

mixture at total reflux conditions. It was also concluded that a sensible contact time for the sample 

to reach thennal equilibrium should be at least 225 minutes. In all of our studies the contact time 

has been set at 225 min in addition to the 15 min heating step for a total contact time of 4 hours. 

The third set of experiments is aimed at determining the amount of solvent needed to 

obtain the maximum amount of asphaltene precipitate. Therefore, the total amount of nC5 

insolubles is determined using different amounts of precipitating solvent following the above 

procedure. Note that the heating step 15 min at total reflux and the total contact time must be kept 

constant at 4 hours. The results from this titration experiments obtained for crude oil B are 

reported in Figure 4. Note that the amount of precipitation becomes nearly constant above 

dilution ratios of 30 mL of n-pentane per gram of oil. Thus, from this third set of experiments, it 

was decided that a 30-mL-of-solvent-per-gram-of-oil ratio should be used for these precipitation 

studies. 

The total amount of precipitation from crude oil B with different paraffin solvents were 
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Paraffin solvent wt% Precipitation 

n-Pentane 1.0833 ± 0.0050 

n-Heptane, 0.5167 ± 0.0059 

n-Nonane 0.3982 ± 0.0042 

Note that asphaltenes are "the fraction of petroleum insoluble in normal paraffins and soluble 

in benzene (or toluene)". Thus, the total content of toluene-insoluble material in crude oil B was 

determined by mixing a known amount of oil in 30 volumes of toluene and following the same 

procedure as described above. In this way it was found that this crude oil contains 0.0748±o.0013 

wt% of toluene-insoluble material. This value seemed to be in contradiction with the result 

previously obtained from the analysis of the suspended solids (see Table 1). However, the two 

values should be identical. In the latter case, the amount of insoluble material was determined by 

dissolving the C5-insoluble fraction derived from the suspended solids in toluene, stirring 

continuously for 60 minutes and filtrating the solution through a 0.22 µm membrane filter. Thus, 

this same procedure was followed on the Cs-insoluble fraction derived from the whole crude oil 

(see table above). Surprisingly, the content of insoluble material measured in this way was 

0.2065±0.0049 wt% which is very close to the value previously obtained of 0.1892±o.0032 wt%. 

A plausible explanation for this is that asphaltenes stripped from their stabilizing resins during 

precipitation with normal paraffins strongly associate with the insoluble material in the crude. 

Therefore, we believe that the correct amount of toluene-insoluble material in crude oil B is 

0.0748±0.0013 wt%. Thus, this amount was subtracted from the values reported in the table 

above. Note that the IP 143/90 procedure recommends that the asphaltenes be extracted by toluene 

reflux on the filter. However, in all of our experiments this extraction procedure did not yield 

reproducible results as obtained with the modified procedure described above. Note also that our 

modified procedure measures the total asphaltene content in two steps: In the first step the total 

amount of material insoluble in the normal paraffin is measured. In the second step the amount of 

toluene-insoluble material is measured. Then the latter is deducted from the former. Figure 5 

shows the total nC5-, nCr, and nC9-asphaltene content of crude oil B using the procedure 

described above. The data reported in this figure is the average of at least three different 

measurements. In general, the standard deviation was smaller than the symbols used in the figure. 
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measured according to the procedure described above. These results are summarized in the table 

below. 
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MOLECULAR WEIGHT OF ASPHALTENES 

Determination of the molecular weight (MW) of asphaltenes is not a straight forward 

measurement. Adsorbed resin material on the asphaltene particles may lead to discrepancies in 

MW detennination. Therefore, the asphaltene fraction of a given crude oil must be precipitated and 

re-precipitated before the measurement is made (14). Thus, careful precipitation and purification 

procedures must be employed to ensure meaningful results. 

Studies by VPO have shown that the MW of asphaltenes depends not only on the nature of the 

solvent but also on the solution temperature at which the detenninations are perf onned ( 15). It has 

also been found that intennolecular associations (i.e., self-association) leads to erroneously high 

VPO asphaltene MW (16). It has been reported that even saturated hydrocarbons of an average 

molecular weight of 325 (nC24) associate in benzene and give erroneously high VPO molecular 

weights by at least 12-15%. Thus, it is reasonable to think that the maltene, asphaltene, and crude 

oil molecular weights, as detennined by VPO, would be erroneously high by at least 20-30% due 

to their great complexity (17). Other studies performed by the cryoscopic method allowed to 

conclude that the nature of asphaltenes is not conducive to the determination of an absolute MW for 

these species (17). Because of this, the most widely used method for detennining the MW 

distribution-of asphaltenes is gel penneation chromatography (GPC). It is understood, however, 

that this technique provides only relative molecular weights and depends entirely on the calibration 

standards used (e.g., polystyrene standards). 

For any particular method of determination, the observed molecular weights suggest that 

asphaltenes form molecular aggregates, even in .dilute solutions. This association is influenced by 

solvent polarity, asphaltene concentration, and temperature of the determination. Therefore, the 

MW curves obtained from GPC measurements should be indicative of the intermolecular 

interactions among asphaltene molecules (i.e. self-association). The self-association of 

asphaltenes in aromatic and polar solvents suggests the existence of a critical micelle concentration 

(CMC) above which asphaltene "monomers" associate and form larger "aggregates or micelles"

(8,19a,19b,20). This CMC should, however, be regarded as hypothetical because the 

participating "monomers" in these mixed micelles are polydisperse in both structure and molecular 

weight. Hence a uniform micelle is probably non-existent in asphaltene solutions. Furthermore, it 

has been shown that only one fraction of the asphaltenes MW distribution actually participates in 

the self-association. Up to 60% of the asphaltene constituents remain unassociated when separated 

from the bulk asphaltenes. Thus, one must bear in mind that these complex interactions will affect 



The molecular weight distribution of the nC5-, nCr, and nC9-asphaltene fractions precipitated 

from crude oil B were obtained by GPC. Each asphaltene fraction was dissolved in 

tetrahydrofuran (THF) at a concentration of 0.20% (weight/volume). A similar solution of whole 

crude oil B was also prepared. All samples were equilibrated overnight using continuous mixing. 

Care was taken to avoid contact of the samples with open air by preparing and handling the 

samples under a blanket of nitrogen. It must also be pointed out that all samples were filtered 

through a 0.45 µm membrane filter to remove any insoluble (organic/inorganic) materials from the 

solutions. Three injections, 75 µL, of each solution were run through a Turbochrom 

Chromatography System developed by PE Nelson, Perkin Elmer. The chromatography station is 

equipped with an autosampler (150 µL sample loop), an RI and a UV detectors. Data are 

automatically acquired through a 600 series LINK interface and a 900 series interface. Two 

styragel columns, manufactured by waters, were connected in series. Molecular weights in the 

range of 100-600,000 can be resolved with this setup. The mobile phase for these analyses was 

THF at a flow rate of 1 mUmin. The mobile phase was degassed by filtration through a 0.45 µm 

filter and subsequent sparging with dry helium. The temperature for all the runs was 30°C. The 

eluant was analyzed with and RI detector at an attenuation of 8X. Data acquisition was done at a 

rate of 2.5 point per second. 

The raw GPC data were processed using the Turbochrom Size Exclusion Chromatography 

(TC*SEC) software developed by PE Nelson, Perkin Elmer. Calibration curves were obtained 

using narrow-dispersity polystyrene standards. The molecular weight distribution of the nC5-, 

nCr, and nC9-asphaltene fractions of the crude oil B are reported in Figure 6. The molecular 

weight distribution for the whole crude oil B has also been included in Figure 6. Before any 

analysis of GPC data is performed, one must understand that asphaltenes are a solubility-class 

compounds and therefore the properties of the precipitated asphaltenes vary according to the 

solvent used for their precipitation. It must also be understood that the resin content in the 

precipitate increases as the number of carbons in the precipitating solvent decreases (i.e., nC5-

asphaltenes will contain a higher resin content than nCrasphaltenes and these will contain more 

resins than nC9-asphaltenes). It should also be understood that when n-pentane is used high-MW 

paraffins co-precipitate with asphaltenes and resins. Therefore, it may be expected that these three 

types of asphaltenes will exhibit very different MW distributions. 
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the elution of different compounds during GPC measurements. Therefore, whenever GPC 

analyses of asphaltenes are performed this almost overwhelming complexity must be kept in mind 

for a proper interpretation of the results obtained. 
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Note from Figure 6 that the MW distributions for all the three types of asphaltenes are 

bimodal. The distribution for the nC5-asphaltenes exhibits two distinguishable peaks. One narrow 

high-molecular-weight (HMW) peak [6,751] and one broad low-molecular-weight (LMW) peak 

[2,663]. The shape of these two peaks suggests the existence of at least two different types of 

species in solution. The MW distribution for the nCrasphaltenes also exhibits two distinct peaks: 

A narrow HMW peak (9,383) with considerable tailing towards the high molecular weights, and 

one broad LMW peak (3,383). Note that this distribution also suggests the coexistence of at least 

two types of species in solution. Note from Figure 6 that the LMW peak in the MW distribution 

for the nC9-asphaltenes is not easily observed as in the previous two cases. One prominent peak 

with a molecular weight of 7,747 is observed with little tailing towards high-molecular weights. 

The shape of this peak suggests that in this case the amount of low molecular species is much 

smaller that in the case of nC5-, and nC7-asphaltene solutions. This also suggests a rather strong 

interactions among asphaltene molecules such that very high-molecular-weight species/aggregates 

are formed. The Average molecular weights obtained for the nC5-, nCr, and nC9-asphaltenes 

were 2725, 6198, and 5607, respectively. This indicates that the resins molecules prevent 

asphaltene molecules to self-associate into large aggregates (micelles). Thus, when the resin 

content is lowered, larger aggregates or micelles are formed (see distributions for the nCr, and 

nC9-asphaltenes). 

CHARACTERISTICS OF ASPHALTENES REVEALED BY GPC 

The results from the GPC studies have shown the existence of two distinct families of 

compounds in all the three asphaltene fractions derived from crude oil B. The MW distribution for 

the nCrasphaltene fraction suggests the possible existence of a third high-molecular-weight 

distribution. This third species is manifested as a pronounced tailing towards high molecular 

weights (see Figure 6). Another result from these studies is that the precipitated fractions contain a 

considerable amount of low-molecular-weight species in solution. This is clearly indicated by the 

continuous distribution throughout the chromatogram until the lower exclusion limit (i.e., 100) 

for the setup used in these studies. 

At a first glance, the MW distributions reported in Figure 6 appear to be complex. However, 

the results obtained can be explained in light of current understanding of the nature of petroleum 

asphaltenes. It must be understood that the conventional meaning of molecular weight does not 

apply to the case of petroleum asphaltenes. It must also be understood that an absolute molecular 

weight cannot be obtained for these species either. The reason being is that petroleum-derived 
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General features oftbe macrostructure of petroleum asphaltenes as proposed by T.F. Yen (1981) [21]. 

The above figure shows that 7t-7t associations result in the formation of a crystallite. It also 

shows that the side-chains remain in a bundle-like fashion depending on the torsional angle when 

the propagation of sp3-bonded orbital takes place. The island-like stacks form a particle which 

can further associate to form micelles where the peripheral groups are polar. It also shows the 

role played by co-precipitated resin molecules in the stabilii:ation of particles and micelles. 

Although not shown in this figure, it is logical to think that there may exist further interactions 

among the well structured micelles which may result in micellar aggregates. The Molecular weight 

distribution curves obtained by GPC for the various asphaltenes derived from crude oil B can be 

explained as follows: when asphaltenes are dissolved in aromatic/polar solvents, even at low 

concentration, there seems to be a complex equilibrium (15,22): 

MOLECULES H MICELLES H MICELLE AGGREGATES 

In this equilibrium, the first species (molecules) may exhibit molecular weights up to 4,000; 

the second species (micelles) could have molecular weights from 4,000 to 10,000; and the third 
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asphaltenes as depicted below (21), 
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species (micelle aggregates) may possess molecular weights up to 40,000,000 (14). Figure 7 

shows the MW distribution for the nCrasphaltenes in which the above equilibrium is tentatively 

depicted. Asphaltene molecules may have average molecular diameters around 50A.. Asphaltene 

micelles may have an average size around 250A. (23). Whereas micellar aggregates may have 

molecular sizes greater than 250A.. 

SARA ANALYSIS OF LIGHT CRUDE OILS 

In the general sense, petroleum fluids can be considered to be comprised of four major 

families of compounds namely Saturate, Aromatics, Resins, and Asphaltenes. It must be kept in 

mind, however, that these names are operational and are not intended to identify specific 

compound types. What is important is the fact that when a suitable separation technique is 

established, then different reservoir fluids and f eedstocks can be compared. 

In our laboratory, it is common practice to determine the SARA composition of the crude oils 

we study. For this purpose, an existing procedure (24) has been modified to obtained reproducible 

results with medium and light crude oils. This modified procedure is outlined below. 

NOTE: This procedure has been modified from its original (24) and is used to accomplish the 

separation of light crude oils into four different fractions. A vacuum distillation has 

been performed on the light crude oils to remove their light ends at 20 mmHg and 25°C. 

The SARA separations are then performed on the vacuum residue. 

1. Scope. This modified test method covers the fractionation of light crude oils into four

defined fractions. These four fractions are: Saturates - Material that, on percolation in a n

pentane eluant, is not absorbed on activated silica under the conditions specified. Aromatics

- Material that is adsorbed on activated silica in the presence of n�pentane, and desorbed by

toluene after removal of the saturates under the conditions specified. Resins (or Polars) -

Material desorbed from activated silica absorbent, after saturates and aromatics have been

removed, using a 90/10 toluene/Methanol solution under the conditions specified. nC5-

asphaltenes or n-pentane insolubles - insoluble material that can be separated from the crude

oil following digestion of the crude oil in n-pentane under the specified conditions.

2. Summary of Test Method. A weighed amount of crude oil sample is mixed with n

pentane in a· 30 mL (solvent)/1 g (oil) ratio to precipitate asphaltenes. Asphaltenes are

separated by filtration through a 0.22 µm membrane filter, weighed and reported as wt% of
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total crude oil. The filtrate is concentrated to a volume between 15-20 mL using vacuum and 

charged to the top of a glass chromatographic column packed with activated silica gel (140°C 

for 12 hr). The Saturate fraction is eluted with n-pentane. When all the Saturates are eluted, 

the Aromatics are eluted with Toluene. Once the all the Aromatics have been eluted, the Polars 

(resins) are eluted with a 90/10 Toluene/MeOH solution. 

3 . Apparatus and Materials 

• Glass chromatographic column as specified in Figure 8.

• Utilities: vacuum source and drying oven, dry air
• Beakers, 50 mL erlenmeyer Flasks, 1000 mL solvent bottles (air tight)
• Funnel (pressure equalizing) 250 mL
• Filtration flask
• Flasks (Erlenmeyer) 50 mL (3)
• Rinse squeeze bottle (2)
• Analytical Balance
• Filter paper (0.22 µm membrane)
• Gooch crucible (1)
• Magnetic stirrer /hot plate, magnetic bars
• glass beads
• Silica gel
• n-Pentane, toluene, and methanol (MeOH). All solvents must be anhydrous.

4. Safety Precautions. The vapor pressure of the solvents used in this procedure is high.

Therefore, the experiments must be done in a fume hood to avoid. Furthermore, the

chemicals used are flammable, therefore sparks or open flames should be avoided in the fume

hood during the experiments.

5. Crude oil Preparation. Light crude oils contain a considerable amount of volatile material

which must be removed prior to performing the chromatographic separation of the crude oil

into Saturates, Aromatics, Resins, and Asphaltenes. This is accomplished by performing a

vacuum distillation (batch) at 10 mmHg and room temperature until the weight of the residue

reaches a constant value (i.e. constant density). The experimental setup for this part of the

procedure is given in Figure 9.

6 . Solvent preparation. Silica gel is deactivated by water present in the solvents used in this 

procedure. Therefore, the solvents must be treated to lower their water content as much as 
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possible to prevent deactivation. All solvents (except meOH) are contacted overnight with 3A 

molecular sieves (~10%) to remove some of the water from the solvents. The solvents are 

then run through a chromatographic column packed with 75g of activated silica gel and 

collected in lL pyrex gas-tight bottles and stored until needed. Prolonged contact of the 

solvents with moist air should be avoided. Amount of solvents: 1500mL of n-pentane; 

1900mL of Toluene; lOOmL of MeOH. 

Molecular Sieve Prepa,ration: The molecular sieves are activated at l 10°C overnight (~ 12 hr). 

Once the molecular sieves have been activated and removed from the oven they must be kept 

under vacuum due to their high hygroscopicity. 

Silica Gel Preparation: 150g of silica gel are activated at 140°C for 12 hr. Once removed 

from the oven, the silica gel must be kept under vacuum. Silica gel is highly hygroscopic, 

therefore, contact with moist air must be minimized as much as possible to avoid deactivation. 

This silica gel is divided into two 75g portions to be used with n-pentane and toluene 

separately. 

Note: lL  of a 90/10 toluene / MeOH solution must be prepared using the freshly processed 

toluene and anhydrous MeOH as distributed by the supplier (i.e., directly from the bottle). 

Fractionation of Vacuum Residue. The first fraction to be separated from the vacuum 

residue is the nC5 asphaltenes. Weigh to the nearest 0.0001g approximately 5g of vacuum residue 

as prepared in section 5 in a 4-dram vial with cap. Carefully transfer the sample to a 500mL 

Erlenmeyer flask. Rinse the vial with a portion of the n-pentane prepared in section 6 using a 

rinsing bottle. The liquid from the washes should also be transferred to the flask. The nC5-

asphaltenes must be precipitated according to the procedure described in preceding sections of this 

paper and reported as wt%. 

The filtrate from the asphaltene separation step (maltenes) must be concentrated by solvent 

removal to a volume of 15-20 mL using a rotary vacuum evaporator and stored under nitrogen. 

Separation of Saturates, Aromatics, and Reslns (or Polars). The filtrate collected 

from the separation of the nC5 asphaltenes is commonly known as Maltenes. It contains the 

remaining three fractions: saturates, aromatics, and resins (or polars). These three fractions will 

be separated using open-column liquid chromatography using the experimental set-up described in 

Figure 8. 250g of silica gel are activated for 12 hours at 140°C and stored under vacuum until 

ready to use. Contact with moist air must be minimized in order to prevent extensive deactivation 

of the silica gel. The chromatographic column is packed using the dry method. Immediately after 
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packing the column is pre-wetted with 50 mL of the n-pentane prepared in step 6. Before the level 

of n-pentane reaches the silica gel the maltenes are carefully charged onto the column. Rinse the 

flask in which the maltenes were contained with n-pentane and transfer the washing liquids to the 

column. Malce sure that all the maltenes are completely transferred to the column. Note that during 

the transfer of the maltenes onto the column (and throughout the procedure) the level of liquid on 

the column must never reach the level of the silica gel. 

Saturates. The saturate fraction of the oil is eluted from the column with 1 L of n-pentane 

(prepared in section 6) at 5 mUmin. Collect approximately 1 L of the eluant. Stop collecting 

liquid when the aromatics front is about 10 cm from the bottom of the chromatographic column 

(glass frit). The solvent is removed using a rotary vacuum evaporator to recover the saturate 

fraction. Aromatics. The Aromatic fraction of the oil is eluted from the chromatographic 

column using Toluene (as prepared in section 6) at 5 mUmin. Once 1 liter of n-pentane has been 

added to the column the solvent must be changed to toluene which begins to be added to the 

column before the level of the n-pentane reaches the level of the silica gel. Collect approximately 1 

L of the eluant. Stop collecting liquid when the resin front is about 10 cm from the bottom of the 

chromatographic column (glass frit). The solvent is removed using a rotary vacuum evaporator to 

recover the Aromatic fraction. Resins (Polars). The Polar/ resin fraction of the oil is eluted 

from the chromatographic column using a 90/10 toluene/ MeOH solution (as prepared in section 6) 

at 5 mUmin. Once 1 liter of Toluene has been added to the column the solvent must be changed to 

the 90/10 toluene / MeOH which begins to be added to the column before the level of the toluene 

reaches the level of the silica gel. Collect approximately 1 L of eluant plus the solvent retained in 

the column. The last liquid eluting from the column should be colorless. The solvent is removed 

using a rotary vacuum evaporator to recover the Resin fraction. 

Crude oil B has been separated into saturates, aromatics, resins, and asphaltenes according the 

procedure described above. The bulk composition of crude oil B is given Table 3. Note from 

Table 3 that as much as 21.05% by weight was separated from this crude oil at 27°C and 10 mmHg 

(vacuum distillation). These light ends were further analyred by GC-MS as will be seen later. 

Also note that the SARA separation performed on the vacuum residue was successfully 

accomplished with an average recovery of almost 99%. 

The resin content of crude oil B is small compared to its total asphaltene content. This seems 

to indicate that the overall composition of this crude oil may not be capable to maintain the 

asphaltenes in suspension. This is, perhaps, one of the reasons for the existence of precipitated 

asphaltenes in the suspended solids in crude oil B (see preceding sections). 
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ANALYSIS OF RESIN AND AROMATIC FRACTIONS 

Just as the molecular weight distribution and average molecular weight for asphaltenes can be

detennined using siz.e exclusion chromatography, the molecular weight distribution of the resin and 

aromatic fractions can also be obtained by such technique. Note that these two fractions (resins 

and aromatics) can be further studied to identify individual types of compounds they contain. 

However, compositional analysis of these two fractions are not of pivotal importance in the 

modeling of heavy organic deposition. In our laboratory, we consider the molecular distribution 

curves and average molecular weights of these two fractions to be very important for modeling 

purposes. 

The resin and aromatic fractions separated from crude oil B were analyzed using gel 

permeation chromatography. Solutions of 0.20% (weight/volume) of these fractions were 

prepared and run through the GPC system described above. The mobile phase was THF at a flow 

rate of 1.0 mUmin. All tests were performed at 30
°
C.

Figure 10 below shows the molecular weight distribution of the aromatic and resin fractions 

separated from crude oil B. It is interesting to note the wide range of molecular weights that these 

two fractions exhibit The average molecular weight of the resin fraction of this crude oil is 1,022 

daltons whereas the average molecular weight of the aromatic fraction is 731 daltons. It is striking 

that the resin fraction appears to contain a considerable amount of species of very high molecular 

weights. The highest molecular weights in this fraction were up to 10,000 daltons. The highest 

molecular weights observed in the aromatic fraction were up to 6000 daltons. 

DIAMONDOID HYDROCARBONS 

Deposition of diamondoids can be particularly problemat_ic during production and 

transportation of natural gas, gas condensates, and possibly light crude oils. These low

molecular-weight compounds which have a diamond-like fused ring structures are common in 

petroleum fluids in general. However, their presence in crude oils is generally ignored due to their 

low concentration. Nevertheless, even minute concentrations of these compounds in natural gas 

and gas condensates can lead to severe problems of deposition and eventual plugging of flow 

paths. In crude oils, these compounds may nucleate out of solution due to drastic changes in 

pressure and temperature during the production cycle. These nuclei may promote interactions 

among other heavy organic species and serve as aggregation sites. The large amount of gas 

associated with crude oil B (Gas-to-oil-ratio = 220 m3/m3) suggests that diamondoids are present 

in this reservoir fluid. 
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A Diamondoid was first discovered and isolated from a Czechoslovakian petroleum in 1933 

(25). The isolated substance was named adamantane, from the Greek for diamond. This name 

was chosen because it has the same structure as the diamond lattice, highly symmetrical and strain 

free. The unique structure of adamantane (see below) is reflected in highly unusual physical and 

chemical properties (26): 

ADAMANTANE 
(MW= 136) 

7 

9 

2 

.--secondary 

3 
....-- Bridgehead 

So distinctive are these properties that adamantane is one of the few compounds whose 

structure was effectively deduced from its melting point (269°C in sealed capillary). A typical 

representation of adamantane, tricyclo [3.3.1.13 ,7]-decane, and the numbering scheme of its 

carbon atoms is given in the picture above. The carbon skeleton of adamantane comprises a small 

cage structure. Because of this, adamantane and diamondoids in general are commonly known as 

cage hydrocarbons. Adamantane possesses a unique rigid but strain free ring system, composed 

of three fused chair cyclohexane rings. It has been found that adamantane crystallizes in a face

centered cubic lattice (a = 9.426±0.008A, and four molecules per unit cell). This is extremely 

unusual for an organic compound. All C--C bond lengths are 1.54 ± 0.0lA and all C--C--C angles 

are 109.5±1.5°. The molecule therefore should be completely free from both angle and torsional 

strain. At the beginning of growth, crystals of adamantane show only cubic and octahedral faces 

(as expected for face-centered cubic lattices with only forces between nearest neighbors effective) 

[26]. The effects of this unusual structure upon physical properties are striking. Adamantane is 

one of the highest melting hydrocarbons known (m.p. 269°C), yet it sublimes easily, even at 

atmospheric pressure and room temperature. Because of this, the boiling point cannot be 

determined directly. However, adamantane, present in a mixture of hydrocarbons being 

fractionally distilled, is found in the cuts of b.p. near 190°C (26, 17). 

Measurements of the heat capacity of adamantane show a transition at 208.62°K to a body

centered tetragonal lattice having a= 6.641A and c = 8.875A (28,29). It was suggested that this 
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transition involves an increase in molecular freedom; adamantane molecules are able to rotate more 

freely or assume different random orientations in the lattice sites of the high-temperature form 

(i.e., tetragonal) [28]: -AH0 for the transition is 0.807 kcaVmole; AS0 is 3.27 e.u.. Some of the 

thermodynamic properties of adamantane are: Cp = 45.35 cal mole-1K-1; S0 = 46.80 cal mole-1K-1;

(H0 
- H

0 
°)ff= 24.38; -(F0 

- F
0 
°)ff= 22.42. These data suggested that the face-centered cubic 

lattice characteristic of of adamantane at room temperature is actually a disordered phase (26). 

The above properties of adamantane are reflected in its mass spectrum (see Figure 11) which 

is quite unusual. Unlike the behavior of most saturated hydrocarbons of moderate molecular 

weight, the parent peak (m/z = 136) of adamantane is the most intense in the whole spectrum. This 

reflects its inherent architectural rigidity of interlocking ring systems. Effective fragmentation of 

the molecular ion requires that least three C--C bonds be broken, and this is an energetically 

unfavorable process. A one-carbon fragment can be lost by rupture of only two bonds, but this 

process is seldom observed to any great extent with cyclic hydrocarbons, nor is it here. The M -

15 peak is weak. Ordinarily, the loss of two carbons (e.g. as ethylene) is expected to be 

favorable. This is not the case with adamantane, which does not possess a -CH2--CH2-

grouping. Both M - 28 and M - 29 peaks are of low intensity because three C--C bonds and not 

just two must break before to carbons can be separated from the rest of the structure. Inspection of 

Figure 11 shows that processes leading to the loss of three and four carbon atoms are most 

favorable in producing charged fragments. 

Sources of Adamantane. Adamantane is currently isolated from petroleums where it is 

present to the extent of about 0.004% (18). Generally small amounts of alkylated adamantanes: 2-

methyl-, 1-ethyl-, and probably 1-methyl-, 1,3-dimethyl-, and others are also found in petroleum 

fluids. Adamantane, however, can be successfully isolated from such a complex mixture because 

of its high melting point. The cooling of fractionated petroleum steam distillates to low 

temperatures results in the crystallization of most of the adamantane (26). 

Despite the extensive research aimed at finding the adamantane precursors, the adamantane

forming substance in natural petroleum fluids remains unknown. 

Adamantane Homologues. As explained in previous sections, the diamondoid 

hydrocarbons are rigid fused ring alkanes that have diamond-like structure. In a broader sense 

may be described as saturated, polycyclic, cage-like hydrocarbons that are present in some 

petroleum fluids. The diamond-like term arises from the fact that their carbon atom structure can 

be superimposed upon a diamond lattice. The simplest of these polycyclic diamondoids is 

adamantane (discussed above), followed by its homologues diamantane, tria-, tetra-, penta- and 
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hexamantane. The homologous polymantane series has the general molecular formula, 

C4n + 6H40+12 where n = 1, 2, 3, ... (n = 1 for adamantane)

Note that there are non-isomeric polymantanes which do not obey this chemical formula. The 

figure below shows the chemical structures of dia and triamantane, 

Diamantane Triamantane 

The lower adamantologues adamantane, diamantane, and triamantane, each has only one 

isomer. Depending on the spatial arrangement of the adamantane units, higher polymantanes can 

have numerous isomers and non-isomeric equivalents. Regular cata-condensation of the 

adamantane units gives rise to isomeric polymantanes obeying the chemical formula of the 

adamantologues (30). 

There are three possible tetramantanes all of which are isomeric, respectively as iso-, anti- and 

skew-tetramantane. Anti- and skew-tetramantanes each possess two quaternary carbon atoms, 

whereas iso-tetramantane has three. There are seven possible pentamantanes, six being isomeric 

(C26H32) obeying the molecular formula of the homologous series and one non-isomeric 

(C25H30). For hexamantane, there are 24 possible structures, among them, 17 are regularly cata

condensed isomers with the chemical formula (C�36), six are irregularly cata-condensed isomers 

with the chemical formula (C29H34) and one is peri-condensed with the chemical formula 

(C26H30) [30]. 
Synthesis of ada-, dia-, tria-, and tetramantane has been accomplished in the laboratory. So 

far, only anti-tetramantane has successfully synthesized via double homologation of alkyl

substituted diamantanes. Little work has been published on penta- and hexamantane. These 

compound have not been synthesized in the laboratory (30). 
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Diamantane, triamantane and their alkyl-substituted compounds are also present in certain 

petroleum fluids. Their concentration in these fluids, lower than that of adamantaile and its alkyl

substituted compounds, is in the order of parts per million. In rare cases, tetra, penta, and 

hexamantanes are also found in petroleum fluids. 

Detection of Diamondoids in Crude Oil B. GC-MS analyses of diamondoids in 

petroleum fluids are successfully performed on the saturated fraction of the crude oil, rather than 

on the whole crude oil. This is because the aromatic interferences are removed by isolating the 

saturated fraction on silica gel. Therefore, these analyses were conducted on the saturated fraction 

of crude oil B. The light fraction of crude oil B separated at 27°C and 10 mmHg was also analyzed 

by GC-MS to determine whether it contains diamondoids. 

The analyses were conducted in a Finnigan GC/MS instrument equipped with a gas 

chromatograph and capillary injector and operated in the split mode. Two capillary columns were 

available for these studies: column 1 is a fused silica capillary columns, 30 m x 0.25 mm ID 

with a with a 0.1 µm thick DB-5ms stationary phase (5%-phenyl methylpolysiloxane). Column 

2 is a fused silica capillary column, 100 m x 0.25 mm ID with a 0.5 µm DB-1 stationary phase 

(dimethyl-polysiloxane). The Mass spectrometer generated positive by electron impact at 70 eV. 

The ion source was maintained at 200°C and EM= 1200. Mass spectra were obtained by scanning 

masses from 50 to 400. 

Saturated Fraction of Crude Oil B (from SARA separation). This fraction was 

analyzed using the two columns described above. Figure 12 shows the total ion chromatogram 

obtained with column 1. The oven temperature of the gas chromatograph was programmed as 

follows: 50°C for 2 minutes and then from 50°C to 250°C at 5°C/min and then the temperature was 

held at 250°C for 28 minutes. This run was performed to establish the overall distribution of 

normal paraffins in this fraction. Note from Figure 12 that the saturated fraction separated from 

crude oil B contains little amounts of normal paraffins heavier than nC25 •

Figure 13 shows portion of the total ion chromatogram obtained for the saturated fraction of 

crude oil B obtained with column 2. The oven temperature for this column was programmed as 

follows: 50°C for 5 minutes an then from 50°C to 250°C at 2°C/min and then the temperature was 

held at 250°C for 120 minutes. Note that paraffins up to nC21 are shown in this figure. 

It must be pointed out that the main focus in this studies was to determine the existence of 

adamantane and diamantane in this fraction of crude oil B. Although, tria-, tetra-, penta-, and 

hexamantane could could also be present in this crude oil, it was decided that if adamantane and 
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diamantane are found in this crude oil then there is a possibility that higher adamantologues are also 

present in this crude oil. 

Adamantane is expected to elute from the column between nC10 and nC11; diamantane is 

expected to elute between nC15 and nC16; and triamantane is expected to elute between nC19 and 

nC20. Thus, it was reasonable to truncate the total ion chromatogram as shown in Figure 13. 

An adamantane standard (99+% purity), purchased from Aldrich, was dissolved in n-hexane 

and run through Column 2 using the temperature program used for the saturated fraction (see 

above). In this way, the retention time for adamantane was detennined as well as its mass 

spectrum (see Figure 11). A retention time of 53.29 minutes was found for the adamantane 

standard. Therefore, note from Figure 13 that this retention time falls exactly between nC10 and 

nC11. Which is in agreement with previous observations. Consequently, if adamantane is present

in this fraction of crude oil B it should be found around the same retention time as that of the 

standard. 

Figure 14 shows the single ion chromatogram for m/z 136 (molecular weight of 

adamantane). Note that the most prominent peak is found at 53.29 minutes (retention time for 

adamantane). Also note from Figure 14 that the mass spectrum under this peak is very similar to 

that reported in Figure 11. This confinns the existence of adamantane in the saturated fraction of 

crude oil B. 

The portion of the total ion chromatogram in Figure 13 between to nC15 and nC16 was also

scanned for the existence of diamantane (m/z 188) whose base peak is 188 (M+). However, the 

single ion chromatogram obtained for m/z 188 did not show significant intensities. Therefore it 

was concluded that if diamantane and triamantane are present in crude oil B, their concentrations 

are much smaller than that of adamantane. 

Alkyl-substituted adamantane were also found in crude oil B as reported in Table 2. Note 

that all these compounds were found to elute between nC10 and nC13• We believe that many other 

alkyl-substituted adamantanes exist in crude oil B. 

Fracti.on of Crude Oil B Separated at 27°C and 10 mmHg. This fraction of the oil 

was analyzed using column 2. The oven temperature for this column was programmed as 

follows: 50°C for 5 minutes an the from 50°C to 250°C at 2°C/min and then the temperature was 

held at 250°C for 120 minutes. Figure 1S shows the total ion chromatogram obtained for the 

low-boiling fraction of crude oil B separated by vacuum distillation. Note that this fraction 

contains considerable amounts of n-octane, n-nonane, n-decane, and n-undecane. It contains 

smaller amounts of n-dodecane, n-tridecane, and n-tetradecane. Nonnal pentadecane was found to 
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be present in trace quantities. The vast number of compounds eluting in between normal paraffins 

before nC11 were found to be mostly branched alkanes. Some of the branched alkanes identified 

include: 2,2-dimethylbutane; 2,2�3-trimethylbutane; 1-ethyl-2-methyl-cyclopropane (cis); 2,2-

dimethyl pentane; 2,2,4-trimethylpentane; these just a few ofthe many compounds identified. It 

has been concluded that this low boiling fraction may be treated as part of the 

saturated· fraction of crude oil B. However, the amount of low-boiling aromatic 

compounds in this fraction was not <Jetermined. 

It must be pointed out that the main focus in this studies was to determine the existence of 

adamantane and diamantane in this fraction of crude oil B. And to determine how adamantane 

partitioned itself between this low boiling fraction and vacuum residue (i.e. saturated fraction). 

As before, Adamantane is expected to elute from the column between nC10 and nC 11; diamantane 

is expected to elute between nC15 and nC16; and triamantane is expected to elute between nC19 and 

nC20•

Figure 16 shows the single ion chromatogram for m/z 136 (molecular weight of 

adamantane). Note that there is a peak of considerable intensity at a retention time of 53.88 

minutes which is very close to that of the adamantane standard (53.29 min). The discrepancy in 

retention times may be explained by the fact that data acquisition is not automatic and there is a 

delay between injection and the data acquisition onset. Figure 16 also shows the mass spectrum of 

under this peak. Notice that this spectrum is very similar to that reported in Figure 14 and in 

Figure 11. This confirms the existence of adamantane in the low-boiling fraction of crude oil B. 

By comparing the signal intensities of the m/z 136 peaks in Figures 14 and 16 it is clearly seen that 

the concentration of adamantane in the low-boiling fraction is about four times higher than that in 

the vacuum residue (i.e., saturated fraction). Thus, adamantane preferentially partitions itself into 

the low-boiling fraction of crude oil B. 

The same alkyl substituted adamantanes found in the saturated fraction were also detected in 

this low-boiling fraction at similar retention times and in higher concentrations (see Table 2). 

Because diamantane is expected to _elute between nC15 and nC16 this portion of the 

chromatogram was scanned for m/z 188. However, the single ion chromatogram obtained for m/z 

188 did not show significant intensities. Therefore, it was concluded that if diamantane and 

triamantane are present in crude oil B, their concentrations are much smaller than that of 

adamantane. 
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CONCLUSIONS 

This paper emphasizes the fact that even though there exist many different analytical 

techniques for analysis of heavy organics in particular and crude oils in general, we must be careful 

to select the most appropriate technique suitable for the petroleum fluid under study. Oftentimes, 

analytical techniques that have proven useful in other applications must be slightly modified 

according to the overall properties of the fluid being analyzed. It must always be kept in mind that 

the overall goal should be to obtain reliable experimental information. Such that this information 

could be used to tune and/or validate theoretical models which may be used for predicting heavy 

organic deposition. 

The experimental work presented in this paper is what we consider important for 

understanding the overall behavior of a petroleum fluid with regards to heavy organic deposition. 

Note that this understanding does not come solely from experimental observations but also through 

the use of mathematical models. 

It has been found that some of the species contained in some of the crude oils studied exhibit 

surface activity which render in the formation of stable water-in-oil emulsions. It has been 

observed that this emulsion seems to be stabilized by a film surrounding the brine· droplets. It has 

also been observed that suspended solids in the crude oil interact with these droplets such that 

lumps of of several droplets are held together by solid aggregates. 

The suspended solid material in the crude oil samples was separated and analyzed. 

Experimental results revealed that this solid is primarily comprised of paraffin/wax, asphaltenes, 

and clay minerals. This quantitative analysis suggested a rather a strong interaction among these 

three species. It appears that asphaltenes segregate out of solution through interactions with 

paraffin crystals after the cloud point of the crude oil is reached. Segregation of asphaltenes seems 

to be further assisted by electrostatic interactions with clay mineral particles. 

GPC studies of nC5-, nCr, and nC9-asphaltenes derived from the crude oil under study 

revealed a strong tendency of these asphaltenes to self associate in solution. This self-association 

seems to result in the formation of micelles and micellar aggregates in solution. The asphaltene 

fraction most prone to self association is that precipitated with n-heptane. Whereas the least prone 

to self-associate is the nC5-asphaltenes asphaltene fraction. 

The results of the SARA separation suggested that the overall composition of the crude oil 

represents a hostile environment for asphaltene stability because of its high content of saturated 

compounds. 

Adamantane and alkyl-substituted adamantanes were confirmed to be present in these crude 
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oils. Diamantane and higher adamantane homologues were not identified in the crude oil samples 

analysed. It is believed that if these compounds exist in the crude oils analyzed they are present in 

very small quantities. Adamantanes were found to concentrate in the low-boiling fraction of the 

crude oils analyzed. 

It is concluded that while most of the heavy organics may produce precipitates, asphaltene is 

the major cause of flocculation of the precipitates which may render in arterial blockage in the 

petroleum industry. 
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Total volume of solids 3.82 ± 0.06 % (v/v) 

nC5 solubles (wt%) 81.7669 ± 1.7794 2.1198 ± 0.1404 

nC5 asphaltenes (wt%) 10.9081 ± 1.4704 0.2815 ± 0.0253 

Insoluble solids (wt%) 7.3250 ± 0.3133 0.1892 ± 0.0032 

l!ffl!�J:ff>'lJ���lla�a.;;���lJ��Jt�i,�1f;i( 
Compound M+ Base Peak Ret. Time (min) 

I-methyl adamantane 150 (14%) 135 (M-CH3) 55.59 

2-methyl adamantane 150 (68%) 135 (M-CH3) 60.88 

1,4-dimethyl adamantane 164 (15%) 149 (M-CH3) 61.88 

1,2-dimethyl adamantane 164 (15%) 149 (M-CH3) 64.51 

I-ethyl adamantane 164 (9%) 135 (M-C2H5) 66.89 

FRACTION wt% of Whole Crude Oil wt% of Vacuum Residue 

LIGHT COMPOUNDS 21.0500 ± 0.1150 
separated at 27°C at 10 mmHg 

SA1URA1ES 55.236') ± 1.6849 69.1949 ± 1.3650 

AROMATICS 19.9590 ± 1.5373 25.2788 ± 1.9488 

RESINS (or polars) 2.3242 ± 0.0108 2.9437 ± 0.0137 

ASPHAL TENES (nC5) 1.0833 ± 0.0050 1.3753 ± 0.0032 

Total recovery (average) 98.7927 
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• 100 mL of methanol
• glass beads

Sample size 
5g of vacuum residue (as prepared 

in this procedure). 
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Figure 8. Experimental setup for the SARA separation of of vacuum residua derived from light crude oils. 
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Figure 9. Setup for the preparation of the vacuum residue from light crude oils. The distillation is performed at room 
temperature using 10 mmHg tDltil the residual oil reaches a constant density. 
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Figure 10. Molecular weight distribution of the aromatic and resin fractions separated from crude oil B. 
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Figure 11 MlW spectrum of adamantane (relative intensity versus m/z) obtained in these studies. 
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Figure 13 

Total ion chromatogram of the saturated fraction of crude oil B separated over silica gel. This 
chromatogram was obtained using column 1. 
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Total ion chromatogram of the saturated fraction of crude oil B separated over silica gel. This 
chromatogram was obtained using column 2. 
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Figure 14 
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Single ion chromatogram for m/z 136 (adamantane molecular weight) and the mass spectrum 
underneath the most prominent peak at a retention time of 53.29 minutes. Note that this retention 
time is the same as that obtained for the adamantane standard. 
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Figure 15 

Figure 16 
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Total ion chromatogram of the low-boiling fraction of crude oil B separated by vacuum distillation 
at 27°C and 10 mmHg .. This chromatogram was obtained using column 2. 
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Single ion chromatogram for m/z 136 (adamantane molecular weight) and the mass spectrum 
underneath this peak. 
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