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Hindered Diffusion of AsDhaltenes at Elevated TemDerature and Pressure 

Obi ectives : 

1. To investigate the hindered dfision of coal and petroleum asphaltenes in the pores of catalyst 
particles at elevated temperature and pressures. 

2. To examine the effects of concentration, temperature, solvent type, and pressure on the 
intraparticle diffusivity of asphaltenes. 

Overview 

During the first six months of this project, work was perf'ormed on the measurement of the adsorption 
isotherms of coal and petroleum asphaltenes at several temperatures. A graduate student was not 
available to work on the project at this time (one was recruited but had to leave due to unexpected 
visa difEculties). The work reported herein was performed by a visiting B. S. candidate, Rob Geelen, 
from the University of Twente in the Netherlands. It is hoped that a graduate student to work on the 
project can be r d t e d  soon, although, this may not occur until fall quarter when the new group of 
entering graduate students arrives. For this reason, the work is proceeding somewhat slower than 
originally planned. However, it is hoped to have the high pressure and temperature autoclave 
diffUsion cell installed and operating during the next quarter. 



Abstract 

In this study equilibrium adsorption isotherms were determined for two petroleum 
asphaltenes, AAD-1 and AAK-1, and one coal asphaltene, called No.97500. Isotherms were 
determined for three different temperatures, namely 20, 35 and 50°C. The experimental data for the 
petroleum asphaltenes were fitted with a Freundlich isotherm. For the coal asphaltene a Freundlich 
isotherm was used to fit the experimental data for lower concentrations;however, for higher 
concentrations a linear isotherm fitted the experimental data better. The coal asphaltene showed a 
tendency to form multilayers on the catalyst surface. 

Upon comparison of the adsorption isotherms for the three different temperatures, an 
interesting effect was observed. Although a decrease of the asphaltenes adsorption for higher 
temperatures was expected, the adsorption as a function of the temperature in fact showed a 
maximum for the petroleum asphaltenes and a minimum for the coal asphaltenes.This interesting and 
unexpected behavior was speculated to be due to the formation of micelles in the coal asphaltene 
solution and the different dependence of micelle formation and adsorption on temperature. 

Comparing the adsorption isotherms for the three different asphaltenes revealed that the 
adsorption of the coal asphaltenes was initially lower than the adsorption of the petroleum 
asphaltenes, but increased more rapidly, finally becoming near and even greater than the adsorption 
of the petroleum asphaltenes. This was suggested to be due to the tendency of coal asphaltenes for 
multilayer adsorption on the solid surface, 
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1. Introduction 

Crude petroleum is a mixture of compounds boiling at different temperatures that can be 
separated into a variety of fractions by distillation and fiactionation. Although not widely used in 
industry because of economic reasons, the same can be said about synthetic liquids fiom coal. In 
addition, petroleum and coal fiom different sources exhibit different behavioral characteristics. The 
properties of petroleum and coal not only vary widely, but also so do the proportions in which the 
different constituents occur. Some crude oils and coal liquids have more low boiling constituents, 
while others have more high boiling constituents. It is these higher boiling constituents which often 
lead to problems during recovery and refinery operations. 

The highest molecular weight, most polar &don is often referred to as asphaltenes. Because 
of the wide variety of constituents and the lack of knowledge about the structure of these asphaltenes 
an operational definition is used, instead of a precise chemical description of the components. 
Asphaltenes are defined as macromolecules that are not soluble in alaphatic solvents like pentane, but 
are soluble in aromatic solvents like toluene. 

The subject of this study is the diffusion of asphaltenes in a commercial catalyst. Asphaltene 
macromolecules have a size of about 2.5-15 nm, while the catalysts used in industry have a pore size 
of about 2-20 nm. Because the sizes are comparable, the diffusion of the asphaltenes in the catalyst 
is hindered. This is one of the problems caused by these higher boiling components. There is a lack 
of fundamental understanding of the diffusional mechanisms and a better understanding is needed to 
produce improved catalysts. 

2. Literature review 

2.1 Introduction 
In this study equilibrium adsorption isotherms of asphaltenes on a catalyst are determined for 

different temperatures and for different asphaltenes. To get a view of the work that has already been 
done in this field, a literature review was done. With the results of adsorption experiments reported 
in literature, the first experiments in this study could be directed more accurately. However in the 
literature no reports could be found about the influence of temperature on the adsorption of 
asphaltenes onto an adsorbent. Most studies deal with the problems of asphaltene adsorption in oil 
wells. This has led to the study of many different adsorbents, which makes the results difficult to 
compare. 

2.2 Experimental 
In references [l-3, 6-9, 11, 121 U.V. spectrometry was used to determine the concentration 

of asphaltenes in the solution. The wavelengths used in the experiments varied fiom 336 up to 625 
nm. However wavelengths in the range 400-425 nm were used in most experiments. Mieiville et al. 
[13] were the only authors reporting the use of a continuous spectrometer, allowing the solute 
concentration of the asphaltenes to be monitored continuously. 

The asphaltenes were prepared fiom various sorts of crude oil, and therefore differed 
enormously in composition. This makes it difficult to compare the different studies. Menon and 
Wasan [ 11 for instance used the n-hexane insoluble part of crude Rundle oil (Australia), while 
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G o d e z  et al.[7, 91 used the n-pentane insoluble part of crude oil from the Cannopolis field, Brazil. 
Toluene was used as the solvent in most cases. Clementz [2] not only used toluene, but also 

used benzene, xylenes, chloroform and nitrobenzene. Menon and Wasan [ 1 11 used a 1 : 1 -mixture of 
n-heptane and toluene as the solvent. The composition of the adsorbent was different in each study, 
although in several studies sandstones and clays were used with surface areas of 1 .O up to 29.5 m2/g. 
This was, as mentioned earlier, to simulate the adsorption of asphaltenes that causes problems in oil 
production. 

The solution of asphaltenes containing the adsorbent was stirred for a certain time to allow 
the solution to reach equilibrium, after which the concentration of the asphaltenes was measured. 
G o d e z  et al. [7-91 measured the concentration of asphaltenes after 4 hours. It seems unlikely that 
they measured the equilibrium concentration. In the present study however the concentration of a coal 
asphaltene adsorbing on a catalyst surface almost reached equilibrium after 4 hours, as will be 
discussed later in this work. 

2.3 Results 

experimental data yielded a Langmuir type adsorption isotherm, 
In most cases, where asphaltenes extracted from crude or extracted oil were used, the 

KC 
1 + KC 

Laptgmuir : q = 

where q is the adsorption, C the corresponding equilibrium concentration and K a constant. 
Acevedo et al. [ 11 reported for two different kinds of asphaltenes, from Ceuta and Furrial 

crudes, that the adsorption rose after initial Langmuir type behavior. Even at high concentrations 
there was no sign of saturation. This behavior is explained by the formation of multilayers on the 
adsorbent surface. 

G o d e z  and Moreira [SI not only used asphaltenes from extracted oil, but also from filtered 
oil. The adsorption experiments resulted in Freundlich type isotherms, 

1 - 
q = m  C" 

where m is the solid surface adsorption capacity and lln the intensity of adsorption. The difference 
between adsorption of asphaltenes fkom extracted and filtered oil was explained by the difference in 
chemical composition of these asphaltenes. The asphaltenes extracted from filtered oil have a wide 
variety of chemically different components, and therefore different values of energy in the interaction 
with the adsorbent surface. This results in a Freundlich type adsorption isotherm. The asphaltenes 
extracted fiom crude oil on the other hand have a narrower distribution in chemical components and 
therefore in interaction energies, which results in a Langmuir type isotherm. 
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2.4 Conclusion 
No papers, reporting work similar to this study, were found in the literature. There appears 

to be little work on the adsorption of asphaltenes at different temperatures; however, the reported 
experimental data did provide a starting point for the first experiments in this study. The asphaltenes 
and adsorbents used in this study are different from those in the literature, which makes it diflicult to 
compare the results. The discussion of the results of adsorption experiments in the different papers 
however gave some insights as to possible explanations for the results of this study. 

3. Experimental Section 

3.1 Asphaltenes 
For the determination of the adsorption isotherms three different asphaltenes were used; one 

coal asphaltene, referred to as No. 97500, and two petroleum asphaltenes, referred to as AAD-1 and 
AAK- 1. These three asphaltenes are THF soluble and pentane insoluble. Some general properties of 
petroleum and coal aspldtenes are summarized in Table 1. Because toluene was used as the solvent, 
a small amount of the asphaltenes, that are THF solubles, would not dissolve. Therefore the solutions 
of asphaltenes were filtered before use. 

3.2 Solvent 
HPLC-grade toluene (>99.8%) was used as the solvent. Clementz [2] and Menon and Wasan 

[ 121 reported that the presence of water, coadsorbed with asphaltenes, decreased the amount of 
asphaltene adsorption. According to Clementz this is because the asphaltenes are not soluble in water. 
Therefore toluene was dehydrated by adding synthetic silica aluminate zeolite molecular sieves. The 
molecular sieves were dehydrated before use by heating them for 5-6 hours at 200°C. Because small 
particles of the molecular sieves can hinder the U.V. measurements, the toluene was filtered before 
use. 

. 

3.3 Catalyst 
The catalyst used in the adsorption experiments was a fiesh NiMo/Al,O, catalyst, Criterion 

324, with a surface area of 150 m2/g. To lower the time needed to reach equilibrium the catalyst was 
ground. M e r  grinding, the catalyst was sieved with a 325 mesh sieve. Clementz [2] and Menon and 
Wasan [12] also reported a reduction of the asphaltene adsorption in the presence of preadsorbed 
water. This is because the asphaltenes cannot easily penetrate adsorbed water layers to approach the 
d a c e  of the adsorbent. According to Menon and Wasan the influence of preadsorbed water is even 
larger than the influence of coadsorbed water. Therefore the catalyst was heated for 4-5 hours at 
200°C and then for 10-12 hours at 400°C. M e r  the catalyst has been heated it was kept in a dried 
sealed bottle or used immediately. 

4. Measurement of the calibration curves 

4.1 Introduction 
The U.V. measurements will result in values for the absorbance of the asphaltene solutions. To 

translate the absorbance into a concentration, the calibration curve is needed. Therefore the 
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absorbance of several solutions with different known concentrations has to be determined. If the 
absorbance is plotted against the concentration a straight line with intercept zero known as Beer’s 
Law should result. This law states that there is a linear relationship with intercept zero between the 
concentration and the absorbance. 

4.2 Experimental 
A solution of coal asphaltene No. 97500 in toluene was prepared. An amount (0.109 g) of 

asphaltenes was solved in 250 ml of toluene. After filtering the solution an amount (0.087 g) was left 
in the solution, resulting in a concentration of 0.348 mg/ml. This solution was diluted to resulting a 
concentration of 0.174 @ml. Eight different solutions, with concentrations ranging from 0.0035 to 
0.0348 mg/ml, were obtained by diluting the original solution. The most concentrated solution, 
0.0348 mg/ml, was used to make a U.V. scan flom 190 to 650 nm. The result is presented in Fig. 1. 
From this plot it was decided to measure the absorbance of the solutions at 360, 370 and 380 nm. In 
this area the absorbance is high, but still obeying Beer’s law. The same procedure was followed for 
the petroleum asphaltenes AAD-1 and AAK-1. For these asphaltenes the absorbance was measured 
at 420,430 and 440 nm. 

4.3 Results 
For each aphaltene and for each wavelength the absorbance was plotted against the 

concentration and with the least square method the best straight line through the datapoints with 
intercept zero was drawn. Figs. 2, 3 and 4 show the calibrations curves for the asphaltenes of coal 
No. 97500, petroleum AAD-I and AAK-1, respectively. For the coal asphaltene No. 97500 the 
calibration equations at different wavelengths are, 

where I’ is the absorbance and C the Concentration in mg/ml. For the petroleum asphaltene AAD-1 
the following equations were determined, 

A = 420 nm r = 10.414-C 
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I = 430 nm r = 8,875 -C (7) 

I = 440 nm r = 7.799.c 

And for the petroleum asphaltene AAK-1, 
a = 420 nm r = 18.ios=c 

The results were sufficiently accurate for &her use. Therefore the equations for the calibration 
curves for 97500, AAD-1 and AAK-1 were used to calculate the concentrations from the absorbances 
measured in the following experiments. 

5. Concentration versus time 

5.1 Introduction 
It is important for the measurement of the adsorption isotherms to know how long it takes 

to reach equilibrium. Therefore an experiment was done to determine the concentration as a fbnction 
of time when catalyst was added to a solution of asphaltenes in toluene. 

5.2 Experimental 
For this experiment the same solution of coal asphaltene No. 97500 in toluene was used as 

for determining the calibration curve (See chapter 4.2). Ten bottles (80 ml) were filled with 0.05 g 
of ground catalyst and 50 ml solution (0.174mg/ml) and put in a shaker at 25 *C. Another bottle was 
filled with 50 ml solution and also put in the shaker. This was to check ifthe chemical composition 
changed during the experiment. A second control bottle was filled with 50 ml of toluene and 0.05 g 
of catalyst to make sure that the toluene was not inftuend by the catalyst. During the first five hours 
one bottle was taken out of the shaker each hour to measure the absorbance. After that the 
absorbance was measured 7, 17,26,43 and 48 hours after adding the catalyst to the solution. 

5.3 Results and discussion 
The results are plotted in Fig. 5 .  The concentration decreased very fast the first hour and 
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nearly reached the equilibrium value after five hours. After approximately 15 hours the concentration 
reached equilibrium. In this experiment the concentration was determined as a function of time for 
coal asphaltene No. 97500 at 25°C. It will probably take longer to reach equilibrium when the 
petroleum asphaltenes AAD-1 and AAK-1 are used, because of the higher average molecular weight. 
It is more difficult for larger molecules to penetrate the catalyst particle than it is for smaller 
molecules. For determining the equilibrium adsorption isotherms it is however sufficient to measure 
the concentration after two days as the concentration will certainly have reached its equilibrium value 
by then. 

6. The adsorption isotherms 

6.1 Experimental 
To determine equilibrium adsorption isotherms for the asphaltenes on the catalyst, the 

adsorption of asphaltenes has to be measured at certain concentrations with certain amounts of 
catalyst. There are two methods for doing the measurement. The first is to use solutions with different 
Concentrations and the same amount of catalyst. The second method is to vary the amount of catalyst 
and use the same solution. The second method is used in this study, because the amount of catalyst 
can be determined more accuratelythan the concentration of a solution that is diluted several times. 

For an experiment, a solution of an asphaltene in toluene is prepared. The solution is filtered, 
and the residue is dried and weighed. The concentration of the solution can then be determined 
exactly. Bottles are filled with nitrogen gas to remove moisture. After this a certain amount of catalyst 
is weighed in each bottle. Then 25 ml of the solution is added to each bottle. The bottles are placed 
in a shaker at a certain steady temperature. After two days the concentration of the solution in each 
bottle is determined. Knowing the concentration at the beginning, the adsorption can be determined 
from the concentration at equilibrium. 

The accuracy of the measurement is controlled in several ways. First of all a bottle holding 
only the origmd solution is placed in the shaker together with the other bottles. The original solution 
is analyzed before and after the experiment. If there is a difference between the original solution 
before and after the experiment, the data are not used. To make sure the catalyst or any of the other 
materials used don't affect the solvent, a bottle with catalyst and solvent is also placed in the shaker. 
When the analysis of the solvent before and after the experiment gives different results, the 
experimental data are not used. The third way to control the accuracy, is to prepare three bottles with 
the same amount of catalyst and solution. When these bottles give results that differ more than 
approximately 10% it can be assumed that all the data are wrong. These three controls were used to 
veri@ accuracy of the results. 

The amounts of catalyst and asphaltenes that were used are given in Table 2. The adsorption 
isotherms were determined for each of the three asphaltenes for three different temperatures, 20,35 
and 50°C (*l"C). 

6.2 Results and discussion 
The results of the measurements for the asphaltenes 97500, AAD-1 and AAK-1 are plotted 

in Figs. 6(a-c), 7(a-c) and S(a-c), respectively. The control bottles with only the original solution and 
the control bottles with toluene and catalyst gave the same results before and after the experiments. 
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The control bottles with the same amount of catalyst and solution gave results that differed not more 
than 5%, so the measurements were very reproducible. 

The experimental data for the petroleum asphaltenes AAD-1 and AAK-1 were fitted well with 
the Freundlich isotherm, with the values of m and n being presented in Table 3. 

A fist interesting observation is that the isotherms for the petroleum asphaltenes initially have 
a very high slope. Even at very low equilibrium solute concentrations the adsorption is considerable. 
This means that the equilibrium between asphaltenes in solution and adsorbed on the catalyst-surface 
is in favor of adsorbed asphaltenes. According to Giles et al. [ 5 ]  this is because of high adsorbate- 
solute affinity that results in a very steep initial part of the isotherm. 

After the initial s t e p  part of the isotherm the slope quickly decreases. One reason for this is 
that at higher concentrations the space available on the catalyst surface decreases, making it more 
difficult to adsorb more asphaltenes. Thus to achieve an increase in the adsorption at higher 
concentrations, a relatively large increase in concentration is needed. Menon and Wasan [l 13 
determined the surface tension for asphaltenes in oil as a fimction of the solute concentration. They 
found a sudden change in the slope of the surface tension plot at a concentration of 0.5 g/l, that they 
attribute to the formation of asphaltene micelles. The slope of the adsorption isotherm decreased at 
the same concentration. Therefore it appears that beyond this critical micelle concentration, the 
asphaltene monomers prefer to form micelles in the solution rather than to adsorb on the catalyst 
surface. This might also be the case in this study, although the results are difficult to compare because 
different asphaltenes and a different adsorbent were used. 

Ifthe adsorption isotherms, for one of the petroleum asphaltenes, are compared for the three 
different temperatures (see Figs. 9 and lo), an unexpected effect can be observed. What would be 
expected is that the adsorption decreases with increasing temperatures, because the energy available 
for lifting a molecule from the sufiace increases. This would cause the equilibrium to shift in the 
direction of more asphaltenes in solution and less adsorbed on the surface. Nevertheless the 
adsorption as a hc t ion  of temperature has a maximum (Fig. 1 1). The reason for this behavior may 
arise from different phenomena dominating at different temperatures. The following effects may be 
occurring: 
- The effect mentioned earlier, that adsorption will become lower at higher temperatures, because of 
the increasing energy available for Wing a molecule from the surface. 
- Acevedo et al. [ 13 and Menon and Wasan [ 1 11 described the formation of asphaltene micelles or 
aggregates. Aggregates are probably formed more easily at low temperatures than at high 
temperatures. If these aggregates are able to penetrate the catalyst particles and are substantially 
adsorbed, then the adsorption would increase with decreasing temperatures. If however the 
aggregates are too large to penetrate the adsorbent and adsorb on the surface of the catalyst, or if the 
aggregates have less a0inity for the catalyst surface, the adsorption may decrease with decreasing 
temperatures. Asphaltene micelles may not have as large an afslnity for the catalyst surface because 
they may be surrounded by less polar hnctional groups. Thus the presence of micelles and their 
formation and/or disappearance could be leading to the complex temperature behavior observed in 
the adsorption isotherms. 

What might be happening is that, starting at 20°C, the adsorption increases when the 
temperature is increased, because fewer micelles are formed, assuming the micellar formation is not 
favorable for increased adsorption. The influence of the increase of internal energy available for lifting 
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molecules fiom the catalyst surface however increases with increasing temperature. Beyond a certain 
temperature (that appears to be around 35°C in this case) the intluence of this effect on the adsorption 
is larger than the initial effect, causing the adsorption to decrease again. This senario would lead to 
a maximum in the adsorption with temperature. 

The experimental data for the coal asphaltene, No. 97500, is not easily fitted with one 
standard adsorption isotherm even though the first part of each isotherm can be fitted satisfactorily 
with a Freundlich isotherm. The values for m and n for this part are given in Table 3. At each 
temperature the slope of the adsorption isotherm however increases again beyond a concentration of 
approximately 0.06 mg/ml. Beyond this concentration the adsorption seems to increase linearly. The 
increasing slope can be explained by the formation of multilayers on the catalyst surface. Up to a 
concentration of 0.06 mg/d it is increasingly difficult for a molecule to find an empty spot on the 
catalyst surface. Beyond a concentration of 0.06 mg/d multilayers are formed, causing the 
adsorption to increase faster again with increasing concentration. Another possibility is that micelles 
are formed, and are adsorbed onto the catalyst beyond a concentration of 0.06 mg/ml. This would 
cause an increase in the slope of the isotherm. Micelle formation is favored by an increase in 
concentration of asphaltenes. 

In Fig. 12 the adsorption isotherms for the coal asphaltene are compared for the three 
different temperatures. In this case, the relationship between the adsorption and the temperature has 
a minimum (see Fig. 12). The decrease in the adsorption, going from 20 to 35"C, might be caused by 
the increase in energy available to lift asphaltene molecules from the surface of the catalyst, as 
described earlier in the case of the petroleum asphaltenes. At higher temperatures this effect might 
be overcome by the effect of formation of fewer micelles, and thus a higher adsorption. That the 
behavior of the coal asphaltene is different fiom the behavior of the petroleum asphaltenes is probably 
due to differences in chemical composition (see Table 1). 

To check ifthe temperature behavior observed for both coal and petroleum asphaltenes was 
caused by an error in the experimental method, experiments were done with a single component, 
namely quinoline, instead of asphaltenes. Adsorption isotherms were determined for quinoline in 
toluene at 20°C and 35°C. The results are presented in Fig. 13. The adsorption isotherm for 35°C lies 
below the isotherm for 20°C. Huang and Cho [lo] determined adsorption isotherms for p-nitrophenol 
on an anion exchange resin at different temperatures. They found that the adsorption decreased with 
increasing temperatures. This is consistent with the results for the experiments with quinoline in this 
study. Combining this brief check of the experimental method with the wide spread use of this method 
it can be assumed that the experimental method contains no errors. 

In Figs. 14(a-c) the adsorption isotherms are compared for one temperature for the three 
asphaltenes. The coal asphaltene No 97500, having the lowest average molecular weight of the three 
asphaltenes, gives lower adsorption than AAK-1 and AAD-1 for low concentrations. However 
because of the ability to form multilayers, the adsorption quickly rises to near the adsorption of AAK- 
1 and AAD- 1 for increasing equilibrium concentrations. The difference in adsorption between AAD- 1 
and AAK-1 is caused by differences in the composition of the asphaltenes. 

6.3 Conclusion 
The adsorption experiments gave satisfactory and reproducible results. The results can be 

fitted with a Freundlich isotherm for the petroleum asphaltenes. The results for the coal asphaltene 
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can be fitted with a Freundlich isotherm for concentrations up to 0.06 mg/ml, and with a linear 
isotherm beyond this concentration. The comparison of the adsorption of the three asphaltenes for 
one temperature showed a higher adsorption for AAD-1 and AAK-1 than for No. 97500 because of 
their higher average molecular weights. Because of the tendency of the coal asphaltenes to form 
multilayers, the adsorption of the coal asphaltene quickly rose to near the adsorption of the petroleum 
asphaltenes for higher concentrations. The comparison of the adsorption isotherms for Werent 
temperatures gave a maximum for the petroleum asphaltenes and a minimum for the coal asphaltene. 
This might be caused by the temperature influence on the energy available to lift adsorbed molecules 
from the catalyst surface and by the temperature influence on the formation of micelles. Based on 
this brief research it is dficult to do more than offer certain possible suggested mechanisms for 
explaining the results. To draw firmer conclusions, more research is needed on this topic, using a 
wider range of temperatures and to exclude the possibility of asphaltene reaction on the catalyst 
surface. This study therefore has to be regarded only as a brief preliminary research for hrther studies 
in this field. 

7. Overall Conclusion 

This study deals with adsorption and dfision of asphaltenes, from both coal and petroleum, 
into a commercial catalyst. In preliminary experiments calibration curves were determined to relate 
the absohance to the concentration. Furthermore the time needed to reach equilibrium in adsorption 
experiments was determined. 

Adsorption isotherms were determined for the petroleum asphaltenes, AAD- 1 and AAK-1 , 
and for a coal asphaltene, No. 97500. The experimental data were fitted with Freundlich isotherms 
although, for the coal asphaltenes the isotherm had to be fitted with a linear isotherm for higher 
concentrations. 

The adsorption as a fkction of the temperature showed a maximum for the petroleum 
asphaltenes and a minimum for the coal asphaltene. This unusual behavior was suggested to be 
possibly caused by the competing effects of temperature on the energy available to lift molecules 
fiom the surface and the influence of temperature on the aggregation of asphaltene monomers 
(micelle formation). 

The asphaltenes with the higher average molecular weight, AAD-1 and AAK- 1, gave higher 
adsorptions than the coal asphaltene, at least for lower concentrations. Because of the ability of the 
coal asphaltene to form multilayers, the adsorption quickly rises to near the level of the adsorption 
of the petroleum asphaltenes. 

More research is needed on the subject of the temperature influence, using a wider range of 
temperatures to see if the results of this study are consistent. 
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can be fitted with a Freundlich isotherm for concentrations up to 0.06 mg/ml, and with a linear 
isotherm beyond this concentration. The comparison of the adsorption of the three asphaltenes for 
one temperature showed a higher adsorption for AAD-1 and AAK-1 than for No. 97500 because of 
their higher average molecular weights. Because of the tendency of the coal asphaltenes to form 
multilayers, the adsorption of the coal asphaltene quickly rose to near the adsorption of the petroleum 
asphaltenes for higher concentrations. The comparison of the adsorption isotherms for different 
temperatures gave a maximum for the petroleum asphaltenes and a minimum for the coal asphaltene. 
This might be caused by the temperature influence on the energy available to lift adsorbed molecules 
fiom the catalyst surface and by the temperature influence on the formation of micelles. Based on 
this brief research it is difficult to do more than offer certain possible suggested mechanisms for 
explaining the results. To draw firmer conclusions, more research is needed on this topic, using a 
wider range of temperatures and to exclude the possibility of asphaltene reaction on the catalyst 
surfkce. This study therefore has to be regarded only as a brief preliminary research for ikrther studies 
in this field. 

7. Overall Conclusion 

This study deals with adsorption and diffusion of asphaltenes, from both coal and petroleum, 
into a commercial catalyst. In preliminary experiments calibration curves were determined to relate 
the absorbance to the concentration. Furthermore the time needed to reach equilibrium in adsorption 
experiments was determined. 

Adsorption isotherms were determined for the petroleum asphaltenes, AAD-1 and AAK-1, 
and for a coal asphaltene, No. 97500. The experimental data were fitted with Freundlich isotherms 
although, for the coal asphaltenes the isotherm had to be fitted with a linear isotherm for higher 
concentrations. 

The adsorption as a fbnction of the temperature showed a maximum for the petroleum 
asphaltenes and a minimum for the coal asphaltene. This unusual behavior was suggested to be 
possibly caused by the competing effects of temperature on the energy available to lift molecules 
fiom the surface and the influence of temperature on the aggregation of asphaltene monomers 
(micelle formation). 

The asphaltenes with the higher average molecular weight, AAD- 1 and AAK- 1, gave higher 
adsorptions than the coal asphaltene, at least for lower concentrations. Because of the ability of the 
coal asphaltene to form multilayers, the adsorption quickly rises to near the level of the adsorption 
of the petroleum asphaltenes. 

More research is needed on the subject of the temperature influence, using a wider range of 
temperatures to see if the results of this study are consistent. 

References 
[l] Acevedo, S., Ranaudo, M.A., Escobar, G., Gutierrez, L. and Ortega, P.:"Adsorption of 

Asphaltenes and Resins on Organic and Inorganic Substrates and Their Correlation with 
Precipitation Problems in Production Well Tubing", Fuel 1995, 74, 595. 

[2] Clementz, D.M. :"Interaction of Petroleum Heavy Ends with Montmorillonite", Clays and 

9 



Clay Minerals 1976,24,3 12. 

Crocker, M.E. and Marchin, L.M.: "Wettability end Adsorption Characteristics of Crude- 
Oil Asphaltene end Polar Fractions", J. Pet. Technol. 1988 (April), 470. 

Eirich, F.R. :"The Conformational States of Macromolecules Adsorbed at Solid-Liquid 
Interfaces", J. Colloid Interface Sci. 1977,58,423. 

Giles, C.H., Smith, D. and Huitson, A.:"A General Treatment and Classification of the 
Solute Adsorption Isotherm, I. Theoretical", J. Colloid Interface Sci. 1974, 47, 755. 

Giles, C.H., Smith, D. and Huitson, A.:"A General Treatment and Classification of the 
Solute Adsorption Isotherm, II. Experimental Interpretation", J. Colloid Interface Sci. 
1974, 47, 766. 

Gonzalez, G. and Middea, A.:"The Properties of the Calcite-Solution Interface in the 
Presence of Adsorbed Resins or Asphaltenes", Colloids and Surfaces 1988,33,2 17. 

Gonzhlez. G. and Moreira, M.B.C.:"The Adsorption of Asphaltenes and Resins on 
Various Minerals", Asphaltenes and Asphalt, T.F. Yen(ed.), 1994, Elsevier, 210. 

Gonzhlez, G. and Travalloni-Louvisse, A.M.:"Adsorption of Asphaltenes and Its Effect on 
Oil Production", SOC. Pet. Eng., SPE Production & Facilities 1993 (May), 9 1. 

Huang, T.C. and Cho, L.T.:"The Adsorption of p-Nitrophenol on Anion Exchange Resin 
at Various Temperatures", Can. J. Chem. Eng. 1989, 67, 1030. 

Menon, V.B. and Wasan, D. T. : "Particle-Fluid Interactions with Application to Solid- 
Stabilized Emulsions, Part I. The Effect of Asphaltene Adsorption", Colloids and Surfaces 
1986, 19, 89. 

Menon, V.B. and Wasan, D.T. : "Particle-Fluid Interactions with Application to Solid- 
Stabilized Emulsions, Part II. The Effect of Adsorbed Water", Colloids and Surfaces 
1986, 19, 107. 

Mieiville, R.L., Trauth, D.M. and Robinson, K.K. :" Asphaltene Characterization and 
Diflbsion Measurements", ACS Preprints, Div. Petr. Chem. 1989,34, 635. 

Speight, J.G. and Long, R.B.:"The Concept of Asphaltenes Revisited", Fuel Sci. Technol. 
Intl. 1996, 14, 1 .  

10 



Table 1 .  Comparison of some properties of coal and petroleum asphaltenes 

Bockrath and Schweighardt, 198 1 

Weight percent carbon 

Weight percent hydrogen 

Weight percent oxygen 

Weight percent nitrogen 

Weight percent sulhr 

Percent ash by low or 
high temperature 

Aromaticity, by NMR 

WC 

Forms of oxygen 

Fonh, of nitrogen 

Metals 

84-89 

58-73 

2-6 

1-3 

0.1 

<o. I 

0.6-0.7 

0.94 

OK-0- 

80-86 

7.7-9.3 

1-2.7 

0.3-0.5 

3-9.3 

<2 

0.4-0.55 

1.12 

oy-c=o,-o. 

1roq vanadium, 

100-300 ppm 100-400 ppm 

titanium, nickel, 

20-50 ppm so- 150 ppm 



Table 2. Amounts of asphaltenes and catalyst used in the adsorption experiments. 

Asphaltene 

97500 

AAD- 1 

Temperature Amount of Initial concen- Amount of 
(“C) asphaltene (g) tration (mghnl) catalyst 
20 0.1456 0.2912 0.0488 - 0.523s 

- ~~ 

35 0.1393 0.2786 0.01 15 - 0.5253 

50 0.1404 0.2808 0.01 13 - 0.5106 
~ 

20 ‘ 0.1945 0.3890 0.0201 - 0.4430 

35 I 0.1986 0.3972 0.0204 - 0.4059 

50 0.1974 0.3948 0.0254 - 0.4036 
20 0.1514 0.3028 0.0207 - 0.443 1 

35 0.1543 0.3086 0.01 76 - 0.4356 

50 0.1562 0.3 124 0.0208 - 0.4272 



Table 3.  Freundlich isotherm parameters for coal and petroleum asphaltenes. 

~~ 

Asphaltene 

97500 

AAD- 1 

AAK-1 

- 
Temperature 

20 

35 

(OC) 
m 

264.24 

70.51 

n -  

I .594 

2.142 

109.14 2.158 

62.96 6.472 

35 92 77 4 697 

50 94.3 1 4.259 

20 101.81 4.585 

35 116.80 4.237 

50 112.76 4.146 



. .  

ABS 

2.24 

1,681 

1.121 

8.361 

6.0& 

P 

1 - 9  ? 
I 
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!? ' 
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A. 

B. 

97500 

To1 uen e 

Figure 1. UV scan of coal asphaltenes No. 97500. 
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Figure 2. W calibration curve for cod asphaltems No. 97500. 
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Figure 3. U V  calibration curve for petroleum asphaltenes AAD-I. 
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Figure 4. UV calibration curve for petroleum asphaltenes AAK-I. 
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Figure 5.  Concentration vs. Time for coal asphaftenes No. 97500. 
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Figure 6a. Adsorption isotherm for cod asphaltene No. 97500 at 20" C. 
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Figure 6b. Adsorption isotherm for coal asphaltene No. 97500 at 35" C. 



Figure 6c. Adsorption isotherm for coal asphaltene No. 97500 at 50" C. 
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Figure 7a. Adsorption isotherm for petroleum asphaltene AAD- 1 at 20" C 



60 

n 

340 w .  

e 

20 

0 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.3 

Equiliirium concentration (rnglmI) 

Figure 7b. Adsorption isothern for petroleum asphaltene AAD-I at 35°C. 
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Figure 7c. Adsorption isotherm for petroleum asphaltene AAD-1 at SO" C. 
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Figure 8b. Adsorption isotherm for petroleum asphaltene AAK-I at 35" C. 
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Figure 8c. Adsorption isotherm for petroleum asphaitme AAK-1 at 50" C. 
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Figure 9. Effect of temperature on adsorption isotherm for petroleum asphaltene AAD-1. 
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Figure 1 1 .  Effect of temperature on adsorption isotherm for coal asphaltene No. 97500. 
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Figure 13. Adsorption isotherms for quinoline at different temperature. 
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Figure 14a. Comparison of adsorption isotherms for coal and petroleum asphaltenes 
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