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Statement of Work 

Configurational Diffusion of Asphaltcnes in Fresh and Aged Porous 
Catalyst Extrudates 

Objective: The objective of this research is to determine the relationship between the size and 
shape of coal and petroleum macromolecules and their diffusion rates i.e., effective 
diffusivities, in catalyst pore structures. That is, how do the effective intrapore 
diffusivities depend on molecule configuration and pore geometry. 

Task 1. Relationship Between Effective Intrapore Diffusion Coefficients. Molecular 
Size and Pore Geo metry. 

Finite bath-type diffusion experiments will be performed using both coal and petroleum- 

derived macromolecular species, e.g. asphaltenes, as well as model compounds, e.g. porphyrins, 

polymers, of known molecular size. By monitoring the concentration of solute macromolecules 

in the bath, the effective intrapore diffusion coefficients will be determined through application 

of the appropriate diffusion equations. Macromolecular species concentrations will be monitored 

by size exclusion chromatography (SEC). Relationships will be sought between the size, and 

shape, e.g. planar, coil, of the diffusing solutes and the pore geometry (pore size distribution) of 

the catalyst support. The effects of molecule configuration and catalyst pore size distribution on 

the effective intrapore diffusivity will be examined. Specially prepared laboratory catalysts with 

very narrow pore size distributions and other model porous media, e.g. porous Vycor glass, will 

be utilized in the experiments. Pore structures of all catalysts and other porous media will be 

characterized by mercury porosimetry and surface area (BET) analysis, 
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Task 2. Effects of Solvent Composition. Solute Co ncentration. and Temperature on the 

Molecular Con fiFuration and Diffusion Rate o f Coa 1 and Petroleum 

AsDhaltenes in Cata lyst Pores. 

Diffusion experiments such as in Task 1 will be performed with varying solvent 

compositions, Le., paraffinic-aromatic mixtures, to examine the effects of the state of molecular 

aggregation (self-assemblies) on the rates of diffusion of coal and petroleum asphaltenes in the 

catalyst pores. Similar experiments will be performed to study the effect of temperature and solute 

(macromolecule) concentration on the state of molecular configuration and aggregation on the 

resulting pore diffusivity , 

Task 3. Assessment of Diffusional Limitations in AEed Cat algts 

Diffusivity measurements such as conducted in Task 1 will be performed with both model 

compound and coal-derived macromolecular species using extrudate-type aged catalysts from 

laboratory experiments as well as aged catalysts obtained from actual coal liquefaction pilot plants 

such as the Wilsonville, AL Advanced Coal Liquefaction R & D Facility. From the experimental 

diffusivities so obtained, an evaluation of effects of changes in catalyst pore structure, e.g. 

tortuosity, pore plugging, shall be made. The changes in pore diffusivities associated with the 

pore structural changes caused by coke and metals deposition will be investigated, as compared 

with the fresh catalysts. As assessment of the relationship of increased diffusior . imitations to 

coke and metals deposition in the catalyst pores will be made based on the results of the dimsivity 

measurements. The degree to which pore diffusivities can be restored to their original values by 

carefully controlled oxidation and/or extractive catalyst regeneration techniques also will be 

explored. The practical importance of these findings to coal liquefaction technology will be 

evaluated. 
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Summary 

This quarter, hindered diffusion of one coal and two petroleum asphaltenes was studied by 

adsorptive uptake in THF from a bath surrounding a commercial NiMolAl,O, catalyst. Several 

asphaltene fractions were defined via SEC (size exclusion chromatography), with the molecular 

weight of each fraction being determined by its elution characteristics using polystyrene standards. 

It was found that both the coal and petroleum asphaltenes have very broad molecular weight 

distributions; however, the molecular weights of the coal asphaltenes (50- 1000) were much smaller 

than those of the two petroleum asphaltenes (300- 10000 and 300-20000 respectively). Simulation 

results showed that even though the properties of coal and petroleum asphaltenes werc quite 

different, the values of model parameters for the fractions of the three asphaltenes had the same 

trend; with increasing molecular weight of the fraction, the adsorption constant monotonically 

increases, and the effective diffusivity decreases. The experimental difhsion data of the three 

asphaltenes were well represented by similar mathematical models. 

Planned Work 

Next quarter, adsorptive diffusion experiments of a: altenes at different conditions, e.g. 

temperature and solvent composition, will be performed. The diffision parameters will be 

ascertained by fitting the experimental data with a mathematical diffusion model. 
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HINDERED DIFFUSION OF COAL AND PETROLEUM ASPHALTENES 

IN A HYDROTREATING CATALYST 

INTRODUCTION 

Due to comparable sizes of reactant molecules and catalyst pores, hindered diffusion has been 

widely observed in the hydrotreatment of asphaltenes, heavy oils, coal derived liquids, and other 

macromolecular feeds. Direct measurements of asphaltene intrapore diffusion in porous catalysts are 

recent and very few in number. Baltus and Anderson (1983) studied hindered diffusion of petroleum 

asphaltenes through membranes, in which several fractions were defined by SEC according to their 

elution characteristics. Mieville et al. (1 989) measured the diffusion of petroleum asphaltenes 

through porous materials by uptake experiments, in which the asphaltenes were treated as 

monodispersed and a linear adsorption isotherm was obtained. 

In this work, hindered diffusion of coal and petroleum asphaltenes in THF was studied by 

adsorptive uptake experiments fkom a bath surrounding a commercial NiMo/Al,O, catalyst. The 

asphaltenes were grouped into several fractions via SEC. An adsorption-diffusion model was 

developed for the uptake process. The objective of this work was to see if the diffusion uptake could 

be represented by a simple mathematic .I ,lode1 using reasonable parameter values. 

EXPERIMENTAL 

Materials. One coal and two petroleum asphaltenes, denoted as C-97500, P-AAK and P-AAG, 

respectively, were used in the diffusion study. The coal and petroleum asphaltenes, defined as 
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I’HF(tetrahydrofuran) soiubles and n-pentane insolubles, were extracted from a coal resid and 

petroleum asphalts, respectively. HPLC grade THF was used as solvent in the uptake experiments. 

Toluene and polystyrenes with narrow molecular weight distributions were used as calibration 

standards for analysis of asphaltenes on SEC. A commercial unimodal catalyst, Criterion 324. with 

an average pore diameter of 125 A, was used in this study. Catalyst samples were crushed to - 12+16 

mesh size (-1.0+1.4 mm in diameter) and calcined at 673 K for 12 hours prior to use in uptake 

experiments. 

Apparatus and Procedures. Diffusion experiments were performed in a magnetically stirred glass 

diffusion cell containing a screen wire basket for holding catalyst particles at 308 K. Catalysts were 

presaturated with THF before diffusion runs. during which the uptake of asphaltenes was monitored 

periodically by analyzing the concentration of asphaltenes in the bath solution using SEC. 

SEC with a UV detector at 262 nm wavelength was used to analyze the concentration of 

asphaltenes in THF. Four p-styragel columns, with nominal pore sizes of 1000, 1000, 500 and 500 

A respectively, were used in series for the SEC. A computer data acquisition system was employed 

to record the UV absorbance vs. elution time of the effluents. HPLC grade THF was used as mobile 

phase at 1 cm3/min. 

HINDERED DIFFUSION MODEL FOR ASPHALTENES 

A mathematical model was utilized to describe the behavior of hindered diffusion of 

asphaltenes in porous catalyst particles. The asphaltenes are grouped into different fractions 

according to their molecular weights ascertained from SEC analysis. The porous catalyst particles 
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were immersed in a well-stirred bath containing asphaltenes and solvent. The asphaitene molecules 

difl’use into the porous particle where they are adsorbed onto the solid catalyst surface. As a result 

of this diffusion-adsorption process, the concentration of asphaltenes in the surrounding bath is 

depleted. However, due to the difference in adsorption capacity and diffusion rate of each asphaltene 

fraction, the depletion rates for different asphaltene fractions will be different. 

The hindered diffusion model developed here assumes negligible solute transport by surface 

diffusion, spherical catalyst particle geometry, uniform pore size distribution along the particle 

radius, negligible external fluid solid mass transfer resistance, and local adsorption equilibrium 

inside the particle pores (Yang and Guin, 1996a, 1996b). It is also assumed that the adsorption 
. .  

isotherm is linear for each fraction. and the properties of each fraction, e.g., molecular size, 

diffusivity, and adsorption capacity, are independent of every other fraction during the adsorption- 

diffusion process. With the above assumptions, the adsorption-diffusion mathematical model can 

be developed and solved analytically (Bird et al., 1960), with the dimensionless bath concentration 

of asphaltene fraction j being expressed as a function of dimensionless time by, 

B - exp( - b t t J * )  
8 = 1 + 6 B x  

bJ 1+B ’ k - 1  B 2 b i + 9 ( 1 + B , )  
J J 

vhere, the b,’s are the non-zero roots of 

3% tan(b,) = 
3 +BJbk2 

and 
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in the above equations, D, is the effective diffusivity expressed as. 

in which K ,  and KJ factors are hindered diffusion parameters due to stearic and hydrodJnamic 

effects, respectively, being estimated by, 

For a hydrodynamic diffusion solute, the molecular diffusivity D, is related to the solute size by the 

Stokes-Einstein equation, 

For a typical adsorptive diffusion system, the values for most parameters in the rncdel are 

known except those for KJ (or B,) and De,. The values of these two parameters can be obwined by 

fitting the mathematical model to the experimental asphaltene uptake data. 
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RESULTS AND DISCUSSION 

1. Asphaltene Molecular Weights 

SEC analysis of asphaltenes requires the use of calibration standards to determine the average 

molecular weights of the fractions from elution volumes. Several investigators have used 

polystyrenes as calibration standards to obtain the equivalent molecular weight distributions of heavy 

oils and asphaltenes (Song et al., 1991; Baltus and Anderson, 1983; Sanchez et al., 1984; Dark and 

McGough, 1978). By comparing the molecular weights of prefractionated heavy oil fractions 

obtained from VPO (vapor pressure osmometry) and polystyrene calibrated SEC, some studies 

showed that both measurements agreed well at least in some range (Brule, 198 1 ; Bartie et al., 1984; 

Baltisberger et al., 1984;). However, others stated that there were differences between these two 

methods (Kiet et al., 1977; Wong and Gladstone, 1983). It might appear that the VPO method would 

give more accurate molecular weights; however, Nali and Manclossi (1995) stated that VPO 

molecular weight measurement failed when strong interactions among single molecules, e.g., highly 

aromatic compounds, were present. Mieville et ai. (1 989) showed that different asphaltenes with the 

same VPO molecular weights could elute at different volumes on SEC, inferring the absence of a 

universal relationship between SEC and VPO molecular weights for different asphaltenes. In the 

absence of any clear correlation between VPO arid SEC molecular wights, we have used 

polystyrenes as SEC standards to calibrate the molecular weight distribution of our coal and 

petroleum asphaltenes. 

Toluene and polystyrene standards with weight average molecular weights ranging from 92 

to 14000 were first dissolved in THF. These solutions were analyzed via SEC, and the logarithm of 

molecular weights of the standards vs. elution volumes is shown in Figure 1. resulting a good linear 
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fit being expressed as. 

lOg(M,) = -0.125 VR +7.261 

Figure 2 shows SEC chromatograms of the coal and petroleum asphaltenes in THF. There 

are two x-axes in this figure, one is the elution volume, the other is the equiialent 

polystyreneholuene molecular weight calculated from equation (8). It is observed that the equivalent 

molecular weights of the coal asphaltenes, 50- 1000, are much smaller than those of the petroleum 

asphaltenes (300-20000 for P-AAK and 300- 10000 for P-AAG). In the simulation of experimental 

asphaltene diffusion data, several fractions of the asphaltenes will be defined in terms of the 

equivalent eluted polystyreneholuene molecular weights. 

2. Effective Diffusivities and Adsorption Constants of Asphaltene Fractions 

As seen in the model development section, to perform the model simulation for uptake of 

each asphaltene fraction, the effective difisivity De, and the adsorption parameter K, are required. 

One method for determination of the molecular diffusivities of asphaltene fractions is to asume that 

they are the same as those of the polystyrene standards with same elution volumes. However. Baltus 

and Anderson (1 983) showed that these two values are different, with the molecular diffush3ies of 

polystyrenes being roughly two times of those of petroIeum asphaltene fractions. Viewed 3 -  iother 

way, if we know the size r,, of each asphaltene fraction, the molecular diffusivity can be calculated 

from equation (7). Nortz et al. (1 990) measured hydrodynamic properties of prefractionated heavy 

oils in THF and obtained the following relationship betu-een the molecular radius in A and VPO 

molecular weight, 
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r m  0.36 M, (9) 

In equation (9) the molecule radius has calculated from the Stokes-Einstein equation using the 

molecular diffusivity experimentally determined by Taylor dispersion measurements. We have 

assumed that the above equation is applicable to our coal and petroleum asphaltenes, and that the 

molecular weights from VPO can be represented by those from SEC. With these assumptions, the 

molecular diffusivity of any asphaltene fraction eluted in SEC can be estimated through equation (7). 

The results for some asphaltene fractions are shown in Table 1. Comparison of the molecular ueight 

ranges in Figure 2 with Table 1 shows that the effective diffusivities for the coal asphaltenes are in 

the range of 3-30 x while the ranges for the two petroleum asphaltenes P-AAK and P-AAG are 

5-10000 x lo-'' and 6-1000 x cm'k respectively. 

Due to the instability of asphaltenes in THF solvent, it is difficult to obtain the adsorption 

constants K, from equilibrium experiments; however, this value can be ascertained by fitting the 

experimental diffusional uptake data with the model solution given by equation (1). 

3. Simulation of Asphaltene Diffusion into Porous Catalyst 

In our diffusion study, one coal and two petroleum asphaltenes were used as solutes. Figures 

3 ,4  and 5 @oints) show the uptake data for the three asphaltenes in 7' on Criterion 324 catalyst, 

respectively. It is seen from these figures that as diffusion time increases, the UV absorbances or 

concentrations of the coal asphaltenes fractions and most petroleum asphaftene fractions in the bath 

solution decrease. However, the rates of decrease for asphaltene fractions with different molecular 

weights are different, depending on their diffusion rates and adsorption capacities. It is interesting 

that for the two petroleum asphaltenes, as shown in Figures 4 and 5 ,  respectively, some cross-overs 
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ofthe S K  data were observed at higher molecular weights (approximately greater than 10000). In 

other words, the molecular weight distribution shifted to higher molecular ucights during the uptake 

process, resulting in increasing bath concentrations for these fractions. A possible reason for this 

unusual phenomena might be the agglomeration of smaller molecules into larger ones. This aspect 

of the work needs further investigation. 

For the numerical simulation of the experiniental uptake results for the three asphaltenes, we 

first group the SEC data into several fractions, each with an eiution volume of 0.5 cm3. Some of the 

estimated effective diffusivities for these fractions are shown in Table 1. For each fraction, the 

dimensionless bath concentration 8, can be obtained by the ratio of the area under SEC curve at time 

t to that at time t=O. The adsorption constant KJ can be obtained by fitting the experimental (e, , t) 
data with the model solution for each fraction. Figure 6 shows the values of adsorption constant K, 

for different asphaltene fractions. It is seen that even though the properties of the three asphaltenes 

are quite different, as shown in Figure 2, the values of adsorption parameters for the fractions of 

these asphaltenes have the same trend; with increasing the molecular weight, the adsorption constant 

monotonically increases. It has also been observed (Takahashi et al., 1980; Dimino, 1994) that 

adsorption of polymers in porous materials increased as the molecular weights increased. Best fits 

of adsorption constant vs. molecular weight for the fractions of the three asphaltenes can be obtained 

with power regression from the data points in T . I are 6,  being expressed as, 

C -97500: KJ = 3.352 A!f;f3O 

P - A A K :  K, = 0.0239 MiJ246 

P - A A G :  KJ = 0.105 M ,  1 1 5 1  

It should be pointed out that for the two petroleum asphaltenes P-AAK and P-AAG in the above 
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equations. we used fractions of molecular weights less than 10000. Be) ond this value some of the 

experimental bath concentrations increased as discussed above and could not be fitted by the uptake 

model. In the simulation of the experimental uptake data with the model solution, adsorption 

constants ICJ for fractions of molecular weights larger than 10000 were instead obtained by 

extrapolation of the above equations. 

As long as the relationship between the adsorption constant K, and the molecular weight is 

determined, the diffusion equation ( I )  can be solved for any asphaltene fraction eluted from SEC. 

The simulated model solution for the three asphaltenes are also shown in Figures 3 , 4  and 5 (lines), 

respecti\.ely. It is observed that for the coal asphaltenes, the model fits experimental data quite svell, 

as seen from Figure 3. For the two petroleum asphaltenes, the model fits the experimental data fairiy 

well in smaller molecular weight regions. as shown in Figures 4 and 5 respectively; however, in the 

larger molecular weight regions, some departures were observed due to the cross-overs of the 

experimental uptake data, particularly at longer diffusion times. 

CONCLUSION 

Both the coal and petroleum asphaltenes used in this study have very broad molecular weight 

distributions, with the mol . Jar weights of the coal asphaltenes (50-1000) being much smaller than 

those of the petroleum asphaltenes (300-20000 for P-AAK and 300-10000 for P-AAG). The coal 

asphaltene fractions have estimated effective diffusivities which span 1 order of magnitude, Lvhereas 

these spans are more than 2 orders for the fractions of the two petroleum asphaltenes. The uptake 

rates for asphaltene fractions with different molecular weights are different, depending on their 

diffusion rates and adsorption capacities. Even though the properties of the asphaltenes used are 
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quite different. the values of model parameters for the fractions of the three asphaltenes have the 

same trend; ktith increasing molecular ueight of the fraction, the adsorption constant incream and 

the effective diffusikitj decreases monotonicaily. The experimental diffusion data for the three 

asphaltenes can be represented fairly well in most molecular iveight regions by the same 

mathematical model using appropriate parameter values. 



Nomenclatures 

I3 

De 
k 

K 

rrn 
R 

t 

ta 

T 

E 

P P  

T 

dimensionless model constant 

bath concentration 

initial bath concentration 

molecular diffusivity , cm2/s 

effective diffusivity , cm2/s 

Boltzmann’s constant, 1.38 x 

linear adsorption constant, cm3-solution/g-catalyst 

partition factor 

erg/ O K  

restriction factor 

molecular weight, g/mol 

molecule radius, A 
radius of catalyst particle, cm 

time, h 

dimensionless time 

temperature, OK 

bath volume, cm3 

catalyst pore volume, em3 

elution volume on SEC 

catalyst porosity 

solvent viscosity, g/cm-s 

dimensionless concentration in bath 

ratio of solute molecule diameter to catalyst pore diameter 

catalyst particle density, g/cm3 

catalyst tortuosity factor 

Subscript 

j jth asphaltene fraction defined on SEC 
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Table 1 .  Estitnated effective diffusivities and other parameters at 35 “C 

D.. DCd b ;sm cm’/s cm-‘s 
elution MWa 
voi., cm’ glmol 

23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 

. -  

24322 .O 
13677.3 
769 1.3 
4325.1 
2432.2 
1367.7 
769.1 
432.5 
243.2 
136.8 
76.9 
43.3 
24.3 

56.1 
42.1 
31.6 
23.7 
17.8 
13.3 
10.0 
7.5 
5.6 
4.2 
312 
2.4 
1.8 

7.9E-07 
1.1 E-06 
1.4E-06 
1.9E-06 
2.5E-06 
3.3E-06 
4.5E-06 
5.9E-06 
7.9E-06 
1.1E-05 
1.4E-05 
1.9E-05 
2.5E-05 

1.3E-10 
2.2E-09 
1.3E-08 
4.9E-08 
1.3E-07 
2.6E-07 
4.6E-07 
7.6E-07 
1.2E-06 
1.7E-06 
2.5E-06 
3.5E-06 
4.9E-06 

a. Determined by equation (8). 
b. Estimated f?om equation (9). 
c. Calculated from equation (7) with THF viscosity of 4.42* 10” g/cm-s (Reid et al., 1987). 
d. Determined by equation (4) with ~ = 0 . 6 6  and r=3.0. 
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Figure I .  Calibration of SEC columns by toluene and polystyrenes. 
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Figure 2. Comparison of SEC Mw distributions in THF for coal and 
petroleum asphaltenes. 
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molecular weight, g/mol 

___ model fit 
t experimental, t = 0.00 h 
0 experimental, t = 0.25 h 
I experimental, t = 1.00 h 
A experimental, t = 4.90 h 

Figure 3. Simulation of experimental uptake data with mathematical 
mode1 for diffusion of petroleum asphaltenes P-AAK in THF 
into Criterion 324 catalyst at 35 "C. 
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molecular weight, gimol 

- model fit 
* experimental, t = 0.00 h 

experimental, t = 0.25 h 
experimental, t = 1.00 h 

A experimental, t = 7.00 h 

I 

Figure 4. Simulation of experimental uptake data with mathematical 
model for diffusion of coal asphaltenes C-97500 in THF into 
Criterion 324 catall-st at 35 "C. 
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20 
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- model f i r  
* experimental, t = 0.00 h 
e experimental, t = 0.33 h 

experimental, t = 1.25 h 
A experimental, t = 7.20 h 

1 8 , Z ' I  ' 8 ' I 
10 10 10 
molecular weight, g/moI 

Figure 5.  Simulation of experimental uptake data with mathematical 
model for difhsion of petroleum asphaltenes P-AAG in THF 
into Criterion 324 catalyst at 35 "C. 

0 C-97500 
A P-AAG 
H P-AAK 

10 10 10 
molecular weight. g/mol 

Figure 6. Relationship between molecular weight and adsorption constant 
for coal and petroleum asphaltenes. 
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