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Hindered diffusion plays an important role in catalytic processing of residue and
heavy oil because of large size molecules in these feedstocks. Vacuum residue of Atha-
basca oil sand bitumen was fractionated into 13 narrow fractions and an end-cut by
supercritical fluid extraction and fractionation (SFEF). Diffusion transport of five
SFEF cuts through four polycarbonate membranes was investigated using a diaphragm
cell at 308 K. The results showed that diffusion coefficients of the five SFEF cuts
decreased as the experiment proceeded, which illustrates that these cuts are polydis-
perse in size. The effective diffusion coefficients varied with molecular size and pore
size. Hindered diffusion of the five SFEF cuts is significant in the membranes with
nominal pore diameter of 15 nm, which is around the average pore size of typical
hydrotreating catalyst. Comparisons between experimental data and theoretical predic-
tion revealed that the actual hindered degree for diffusion of the five SFEF cuts is
higher than that calculated by the Renkin equation. There were slight differences in
diffusivity among saturate, aromatic, and resin constituents. VVC 2010 American Institute of

Chemical Engineers AIChE J, 56: 2030–2038, 2010
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Introduction

As stocks of high-quality crude oil are exhausted, heavier
petroleum feedstocks are being used to produce liquid fuels.
As a result, effective conversion of these feedstocks to clean
fuels has become one of the most critical issues in the petro-
leum processing industry. It is well known that the size of
most residue species is comparable to the average pore
diameters of typical upgrading catalysts. This causes
hindered diffusion to occur during the catalytic conversion
process. Resistance to diffusion would significantly reduce
the effectiveness of the catalysts and the overall reaction
rate. Therefore, the diffusion behavior of heavy petroleum is
crucial to the design of efficient catalysts and the effective
utilization of the feedstocks.

Although several advanced instruments have been used to
measure diffusivities of asphaltenes in bulk solutions,1,2 the
hindered or restrictive diffusion coefficients of heavy oil
molecules through porous materials cannot be determined
from these methods. There have been three primary methods
used to study the hindered diffusion behavior of asphaltenes
and residue, which are described later.

In the first method, the effective diffusion coefficients of
heavy oils through membranes are determined by a dia-
phragm diffusion cell. Baltus and Anderson3 measured the
diffusivity of five asphaltene fractions using track-etched
mica membranes. A significant pore size effect on diffu-
sional transport of the solute has been found from their
results. Sane et al.4–6 investigated the diffusion of asphal-
tenes through track-etched polycarbonate membranes. The
results showed that the effective diffusion coefficient of
asphaltenes varies as a function of experimental time.
Knowledge of the structure of asphaltenes and the distribu-
tion of heteroatoms within asphaltenes has also been gained
from their diffusion experiments.
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Hindered diffusion of asphaltenes has also been studied by
the adsorptive uptake method. Yang and Guin7,8 investigated
the effective diffusivities of coal and petroleum asphaltenes
through a commercial catalyst. The results of their study
indicated that the diffusion coefficients span one order of
magnitude for coal asphaltenes fractions and more than two
orders of magnitude for petroleum asphaltenes fractions.
Mieville et al.9 determined the diffusivities of petroleum
asphaltenes through catalysts by uptake experiments. They
found that Hondo asphaltenes have the highest diffusivities,
which was attributed to their smaller particle sizes.

Thirdly, studies on asphaltenes and heavy petroleum diffu-
sivities have been performed by using reactive kinetic data.
Tsai et al.10 investigated the restrictive diffusion of residual
oils by a trickle bed reactor. The results showed that the re-
strictive diffusion effect is significant for hydrodesulfuriza-
tion (HDS) and hydrodemetalation reactions. Yang et al.11

studied the kinetics of HDS and hydrodenitrogenation
(HDN) for narrow fractions of various residues. They found
that HDS and HDN reactivities decreased as the molecular
weight of residue fraction increased. The decreased reactiv-
ities were due to increased diffusion resistance and decreased
intrinsic reactivity.

In the past, most studies have been performed on hindered
diffusion of asphaltenes. In view of the importance of effi-
cient utilization of residues, the diffusional transport of the
entire residue should be obtained. However, because of the
presence of a large number of different compounds in an
actual feed material, it is extremely difficult to obtain mean-
ingful data for the residue diffusion without an appropriate
separation technique. With supercritical fluid extraction and
fractionation (SFEF), it is possible to separate a residue into
multiple narrow fractions with increasing molecular weight
and polarity.12 These narrow fractions can be used to investi-
gate the diffusion behavior of the entire residue.

The hindered effect has been observed for the diffusion of
heavy petroleum molecules in porous materials. The hin-
drance factor, the ratio of effective to bulk diffusion coeffi-
cient, has been commonly used to quantitatively describe the
hindered degree of diffusion. Most hindered diffusion studies
attributed hindrance to two factors: steric restriction or steric
partition coefficient and hydrodynamic drag resistance. It is
important to note that both of these factors depend on the ra-
tio of solute size to pore size, k ¼ d/dp. Here, d and dp are
molecule size and pore size, respectively.

Numerous theoretical correlations have been proposed to
relate hindrance factor to k. Combining equilibrium partition
coefficient from Ferry and centerline drag coefficients from
Lane allowed Renkin to obtain the relationship13

De=Db ¼ FðkÞ ¼ ð1� kÞ2ð1� 2:104kþ 2:09k3 � 0:95k5Þ;
(1)

where De is the effective diffusion coefficient of solute, Db is
the bulk diffusion coefficient of solute, and F(k) is the
hindrance factor of diffusion. The Renkin equation is
considered accurate for k \ 0.5. Good agreement between
the Renkin equation and experimental data has been
observed.14,15 However, there are also some results, which
were not in good agreement with the Renkin equation.10,16

Several alternative empirical expressions have been devel-

oped. The following power-law relationship is one which has
been used in hindered diffusion studies.10,17

FðkÞ ¼ ð1� kÞm: (2)

The parameter m indicates the hindered magnitude of dif-
fusion. A value of m ¼ 4.4 approaches the predicted result
of the Renkin equation.

In this study, the effective diffusion coefficients of five
SFEF cuts for Athabasca oil sand bitumen vacuum residue
(AVR) were measured by a diaphragm diffusion cell using
polycarbonate membranes with nominal pore sizes of 15, 50,
80, and 1000 nm. The hindrance factors of the five SFEF
cuts diffusing through the four porous membranes were
determined.

Experimental

Feedstock preparation

Athabasca oil sand bitumen vacuum residue was obtained
from the Syncrude oilsands plant in Fort McMurray, Alberta,
Canada. The residue was separated into 13 narrow fractions
and an end-cut by SFEF. The separation process and operat-
ing procedure have been reported elsewhere.12,18

It is known that the properties, such as molecular weight,
of SFEF fractions vary gradually with increased SFEF yield.
Hence, four narrow fractions (SFEF-3, SFEF-6, SFEF-9, and
SFEF-12) and the end-cut of AVR were chosen as feed-
stocks for the diffusion experiments. The AVR and the cor-
responding five SFEF cuts (four fractions and the end-cut)
were subjected to various analyses. The average molecular
weight was determined in toluene at 45�C by using a Knauer
vapor pressure osmometer. Saturates, aromatics, resins, and
asphaltenes (SARA) analyses were performed according to
the procedures described by Liang.19

Toluene was used as the solvent for the diffusion experi-
ments. The end-cut solution was filtered through a 2-lm
pore size filter before preparation. A 10 g/l solution of each
feedstock in toluene was agitated at room temperature for
24 h.

Diaphragm diffusion cell

The apparatus is shown in Figure 1. The diaphragm diffu-
sion cell contains two glass chambers, which are clamped to-
gether with a membrane between them. Teflon-coated mag-
netic stirring bars are mounted in the chambers and driven
by the rotation of an external magnet. To eliminate boundary
layer resistance, a fixed blade was placed about 2 mm away
from the membrane surface. The speed of rotation of the
stirring bar could be varied from 50 to 500 rpm (revolutions
per minute) and controlled at any fixed value. To keep tem-
perature constant, the cell was placed in a thermostatic bath
during each experiment.

The lower and upper chamber hold a volume of 48.1 and
55.3 ml, respectively, which were measured by weighing the
cell before and after filling with deionized water. Track-
etched nuclepore polycarbonate membranes with nominal
pore diameters of 15, 50, 80, and 1000 nm (Whatman) were
used in the diffusion experiments. These types of membranes
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are extensively used in diffusional transport because of their
ideal pore geometry.16,20,21

Calibration of the diaphragm cell constant

For calibration of the diaphragm cell constant, the lower
chamber was filled with higher concentration solution of
KCl (cL0 ¼ 0.6 mol/l) and the upper chamber was filled
with lower concentration solution of KCl (cU0 ¼ 0.4 mol/l).
The upper chamber was rinsed three times after preliminary
diffusion and recharged with 0.4 mol/l KCl solution. After
0.5 h, the experiment was ended and samples from each
chamber were taken for concentration analysis.

Diffusion coefficient measurements

The diffusion coefficient measurements were performed
using the diaphragm of diffusion cell (Figure 1). The proce-
dure used for the diffusion experiments was similar in each
case. Initially, the lower chamber was filled with solution
and the upper chamber was filled with pure solvent. Such a
design can reduce convective transport.22

For the five SFEF cuts, discrete samples (about 2 ml)
were withdrawn from the upper chamber at appropriate time
intervals. Then, an equal volume of pure toluene was added
to the upper chamber to keep the volume constant. The dif-
fusion experiment ended when equilibrium was approached.
The concentrations of the samples and the final solutions in
the upper and lower chambers were determined by evaporat-
ing the solvent and weighing the solids. The concentration in
the lower chamber was calculated from the mass balance.

In the pseudosteady state, the flux across the membrane in
a time dt equals the change in the amount of solute in two
chambers, so

�VL

dcL
dt

¼ D
S

l
ðcL � cUÞ (3)

VU

dcU
dt

¼ D
S

l
ðcL � cUÞ; (4)

where cL and cU refer to solute concentrations in the lower and
the upper chambers of the diaphragm cell, VL and VU are
volumes of the lower and upper chamber, S is the effective
diffusion area of the membrane pores, and l is the effective
diffusion path length. There are two main assumptions in the
above two equations. First, diffusion should approach steady
state when one measures the diffusion coefficient. This can be
achieved after preliminary diffusion in our experiments
according to Gordon’s correlation.23 Second, the diffusion
coefficient of the solute does not vary much with concentra-
tion of the residue cuts. In a recent study, Durand et al.2

reported that the diffusion coefficients of petroleum fractions
varied slightly in the 0–10 wt % range. Also, our results
indicated that the diffusion coefficients of the SFEF cuts are
similar at concentrations ranging from 10 to 50 g/l.

Combining Eqs. 3 and 4, one has

d

dt
ðcL � cUÞ ¼ �bDðcL � cUÞ; (5)

where b is the constant of the diaphragm cell and is given by
Eq. 6:

b ¼ S

l

1

VL

þ 1

VU

� �
: (6)

Integrating Eq. 5 between the jth and (j þ 1)th sampling,
we have:

ln
cL;jþ1 � cU;jþ1

cL;j � cU;j
¼ �bDjDtj;jþ1ðj ¼ 0; 1; 2……Þ: (7)

In this equation, the subscripts j and j þ 1 refer to the
sampling numbers, t is the time of sampling, and Dj is the
average diffusion coefficient of the solute transporting
through the pores between the jth and (j þ 1)th sampling.

The mass balances were checked for the diffusion experi-
ments. The results show that the mass of the solute in the
lower chamber at the beginning of the experiment equal the
mass of the solute in both chambers at the end of the experi-
ment and in the samples. The differences of the mass meas-
urements are less than 0.6%.

Hydrodynamic diameter measurements

The Brownian motion of a solute in a dilute solution due
solely to the thermal fluctuations of the molecular move-
ments around the solute can be described by the well-known
Stokes-Einstein equation:

Db ¼ jT
3pgd

; (8)

where j is Boltzmann’s constant, T is the absolute tempera-
ture, g is the solvent viscosity, and d is the diameter for a
spherical solute or the equivalent hydrodynamic diameter for a
nonspherical solute. According to Eq. 8, the hydrodynamic

Figure 1. Diaphragm diffusion cell apparatus.
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diameter of the molecules can be determined by using the bulk
diffusion coefficient of solute at infinite dilution.

Results and Discussion

Properties of the residue and the five SFEF cuts

The properties of the residue and the five SFEF cuts are
summarized in Table 1. There are large variation in the
properties of the four SFEF fractions and the end-cut. Mo-
lecular weight increases as the fractions become heavier.
The average molecular weight of the end-cut is much larger
than that of the four SFEF fractions. Asphaltene, which is
the heaviest component in the residue, is concentrated in the
end-cut.

Diaphragm cell constant

The presence of boundary layer resistance is observable in
a diaphragm cell.24 This effect can be reduced by stirring
the blade close to membrane surface.25,26 Several stirring
speeds were evaluated for this study. The total diffusivity
was constant at a stirring rate ranging from 90 to 120 rpm
(revolutions per minute). Therefore, a stirring rate of 105
rpm was selected for this study.

As can be seen from Eq. 6, b is determined by the proper-
ties of the used membrane and the diaphragm cell. The value
of b can be obtained by measuring these properties directly27

or using a substance whose diffusion coefficients are
known.28 An aqueous solution of potassium chloride at 25�C
was used to determine b in this study. The method is
described elsewhere,29–31 and the results corresponding to
different pore sizes are provided in Table 2.

The diffusion coefficient of potassium chloride determined
in our experiment is in agreement with the literature val-
ues,28,32 1.84–1.85 � 10�5 cm2/s, using a similar concentra-
tion range. The cell constants were reproducible for all four
membranes.

As mentioned earlier, the b values can be determined
from Eq. 6 by measuring the properties of membranes
directly. Three large pore size membranes (50, 80, and

1000 nm) were characterized as to pore length, average pore
size, and pore density by scanning electron microscopy
(SEM) photographs. Pore length was determined by meas-
uring the membrane length from cross sections. Average
pore diameter was determined from three SEM photographs
containing more than 30 pores. Pore density was determined
by counting the number of pores in the SEM photographs.
The values of b determined from these properties are listed
in Table 3.

The set of values of b in Table 3 is close to the calibrated
values in Table 2. However, sharp SEM photographs could
not be obtained for the 15-nm pore size membrane. As a
result, the average values of the diaphragm cell constants
from the calculations in Table 2 were used for all four mem-
branes.

Effective diffusion coefficients

The effective diffusion coefficients of the four SFEF frac-
tions and the end-cut at 308 K through the four membranes
are plotted against the time in Figures 2–5.

The diffusion coefficients of each cut through each mem-
brane are time dependent. The diffusion coefficients decrease
gradually as the experiment proceeds. This illustrates that
these cuts are polydisperse mixtures, which contain a large
number of substances with different diameters. The smaller
species diffuse more readily through the membrane pores,
resulting in the decrease of the diffusion coefficients as the
experiment progresses. Comparison of these figures shows
that the effective diffusion coefficients for the same cut
decrease with decreasing membrane pore diameters. The dif-
fusion coefficients of the five SFEF cuts through the same
membrane decrease as they become heavier. The decreasing
trend of diffusion coefficients between two chosen adjacent
cuts is greater as the cuts become heavier.

Sakai et al.33 found that there was a downward curvature
in the plot of the lnDc(t)/Dc(ti) vs. (t � ti) for fractioned pe-
troleum pitch. The variation is slight because of the narrow
fraction used in their study. Sane et al.4 discovered the varia-
tions in diffusivity vs. time for Hondo California asphaltene.

Table 1. Properties of AVR and the Five SFEF Cuts

Properties AVR SFEF-3 SFEF-6 SFEF-9 SFEF-12 End-Cut

Molecular weight 1147 643 748 903 1599 8061
Saturates/% (mass) 7.80 14.78 5.07 0 0 0
Aromatics/% (mass) 41.52 68.03 63.32 61.43 48.15 5.80
Resins/% (mass) 32.60 18.16 31.41 38.13 58.72 18.84
Asphaltenes/% (mass) 18.09 0 0 0 0 75.86

Table 2. Calibration Data of the Diaphragm Cell Constant for Different Membranes

Membrane CL0 (mol/l) CU0 (mol/l) CLf (mol/l) CUf (mol/l) D � 105 (cm2/s) b (cm�2) b (cm�2)

15-1 0.591 0.400 0.538 0.446 1.85 5.54 5.53
15-2 0.583 0.400 0.518 0.457 1.85 5.52
50-1 0.577 0.400 0.521 0.448 1.85 26.67 26.64
50-2 0.577 0.400 0.520 0.447 1.85 26.61
80-1 0.574 0.400 0.515 0.449 1.85 29.07 28.90
80-2 0.574 0.400 0.516 0.449 1.85 28.72
1000-1 0.582 0.400 0.522 0.449 1.85 27.26 27.25
1000-2 0.581 0.400 0.523 0.449 1.85 27.24
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The diffusion coefficients of asphaltenes through a 400-nm
pore size membrane ranged from 2 � 10�6 to 8 � 10�6

cm2/s, which varied more than that of the SFEF cuts used in
this experiment. This may be because the asphaltenes used
in their study are broader in size than the five SFEF cuts
used in our experiments.

Asphaltenes and residue are known to readily associate in
organic solvent. Recent studies have suggested that asphal-
tenes might aggregate at concentrations of 10–100 mg/l.34–36

However, the diffusion coefficients of the SFEF cuts in this
study do not vary even at concentrations up to 20 g/l. This
implies that the molecules of the SFEF cuts might not aggre-
gate under the conditions of our experiments. The existence
of aromatic and resin components in the cuts and shear force
created by agitators might contribute to eliminating aggrega-
tion of residue molecules.

Average effective diffusion coefficients

Although there is a diffusivity distribution for each cut
across any membrane, the variation of the diffusion coeffi-
cient of any cut in each membrane is slight. Therefore, to
quantitatively compare the diffusion transport ability
between the different cuts, the average effective diffusion
coefficient of each cut was defined by Eq. 9.

De;i ¼
Pn

j¼1 ðDi;j � mi;jÞPn
j¼1 mi;j

ði ¼ 3; 6…end-cut; j ¼ 1; 2…nÞ;

(9)

where De;i is the average effective diffusion coefficient of the
ith cut andmi,j is the amount of the ith cut through themembrane

in the jth interval. The calculated average effective diffusion
coefficients of the five SFEF cuts are listed in Table 4.

The values of average effective diffusivity decrease not
only as the five SFEF cuts become heavier but also as the
membrane pore diameters decrease. The decreasing trend of
diffusivities through the same membrane increases as the
cuts become heavier. There is one order of magnitude of
variation in effective diffusion coefficient through the 15-nm
pore size membranes between the four SFEF fractions and
the end-cut. The diffusion coefficients of the same cut vary
slightly through three larger membranes, even though the
pore size alters more than one order. However, diffusion
coefficients through 15-nm pore size membranes are signifi-
cantly different from those values through the other three
membranes. As the average pore size of the typical hydro-
treating catalyst is around 15 nm. The hindered diffusion of
residue molecules in commercial catalysts will be significant
under ambient conditions.

In the previous studies, the whole asphaltenes or residues
were used as feedstocks. The relative exact results cannot be
obtained because of the large polydispersity of these feed-
stocks. Our results show that the SFEF fractions are slightly
polydisperse in size. Therefore, the average effective diffu-
sion coefficients can be determined and used to quantita-
tively evaluate the diffusional hindrance for the SFEF frac-
tions through membrane pores.

Bulk diffusion coefficients and average diameters

The bulk diffusion coefficient is the value corresponding
to the infinite pore diameter. Exponential approximations
have been proposed to correlate the effective diffusion

Table 3. Diaphragm Cell Constants Determined by Properties of Membranes

dn* (nm) dm** (nm) n � 10�8 (cm�2) l (nm) S (cm2) VL (cm3) VU (cm3) b (cm�2)

50 46.9 15.33 6.64 0.378 48.1 55.3 22.22
80 71.9 7.21 6.66 0.368 48.1 55.3 21.57
1000 852.0 0.14 11.01 0.972 48.1 55.3 34.46

*Norminal pore diameters of reported by the manufacturer.
**Pore diameters determined from SEM photographs.

Figure 2. Effective diffusion coefficients of the five
cuts in 15-nm pore size membranes.

Figure 3. Effective diffusion coefficients of the five
cuts in 50-nm pore size membranes.
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coefficient to pore diameter. The bulk diffusion coefficients
of the five SFEF cuts can be determined by extrapolating to
infinite pore diameter. Figure 6 shows a linear correlation by
plotting a semilogarithmic graph of De vs. dp

�1. The bulk
diffusion coefficients obtained from extrapolation are listed
in Table 4. Figure 6 shows that the slopes become steeper as
the SFEF cuts become heavier. The diffusion of a heavier
cut is hindered more severely by transport through the same
membrane. As a result, the larger variation between the bulk
and the effective diffusion coefficient for heavier cut are
observed.

Table 4 shows that the bulk diffusion coefficients decrease
as the cuts become heavier. This trend increases especially
for the end-cut. Table 4 also shows that the diffusion coeffi-
cients through 1000-nm pore size membranes approach the
extrapolated values. Size of residue molecules ranges less
than 10 nm.2,37 Compared with the 1000-nm pores, residue
molecules are sufficiently small so that hindered effects are
negligible. As a result, the experimental diffusion coefficient
for each cut through 1000-nm pore size membranes
approaches the bulk value from extrapolation. As mentioned
earlier, hydrodynamic diameter can be calculated from the
bulk diffusion coefficient by the Stokes-Einstein equation.
The hydrodynamic diameters of the five SFEF cuts are also
listed in Table 4. The size of the four SFEF fractions
increases gradually as they become heavier. However, the
size of the end-cut increases sharply. The variations are sim-
ilar to that of the average molecular weights for these cuts.
Good power-law relationships between size and molecular
weight for residue have been reported in the literature.38,39

A regression analysis of our results yields the following
relationship:

d ¼ 0:028�M0:57: (10)

Equation 10 fits the experiment data well with an R2 value
more than 0.99. The 0.57 power dependence between d and
M is slightly larger than the values reported in the litera-
ture.38–40

Hindrance factor

A reduction in diffusion coefficient can be observed in
Figure 6 as pore diameters decrease and cuts become heav-
ier. Using ln-ln representation, a reasonable linear behavior
is shown in Figure 7, from which the following relationship
was determined.

FðkÞ ¼ ð1� kÞ4:9: (11)

The hindrance factors of the four SFEF fractions in 15-nm
pore size membrane range from 0.54 to 0.79. This indicates
that the hindered effect on diffusion for even relatively small
residue molecules is very significant. The hindrance factor of
the end-cut in 15-nm pore size membranes is estimated to be
0.16. This means that the hindered diffusion of the end-cut
is more severe than that of the four SFEF fractions.
Although there are small hindered effects for the four narrow
SFEF fractions in 50- and 80-nm pore size membranes, the
hindered effects for the end-cut in these two membranes are
still significant. This implies that the diffusion of AVR mole-
cules is strongly hindered across pores of typical hydrotreat-
ing catalysts. Therefore, a number of large pores are required
to provide sufficient large channels for easy access into the
catalyst by residue molecules.

Table 4. Diffusivities and Average Diameters of AVR Cuts

Cut

De � 106 (cm2/s)

Db � 106 (cm2/s) d (nm)15 nm 50 nm 80 nm 1000 nm

SFEF-3 6.67 7.76 8.16 8.36 8.42 1.07
SFEF-6 5.82 7.13 7.41 7.56 7.70 1.17
SFEF-9 4.66 6.05 6.48 6.63 6.78 1.33
SFEF-12 2.95 4.62 5.03 5.17 5.43 1.66
End-cut 0.32 1.17 1.40 1.93 1.99 4.54

Figure 5. Effective diffusion coefficients of the five
cuts in 1000-nm pore size membranes.

Figure 4. Effective diffusion coefficients of the five
cuts in 80-nm pore size membranes.
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The exponent value 4.9 in Eq. 11 is larger than the value
from the Renkin equation, which is about 4.4. This indicates
higher hindrance of AVR SFEF cuts than predicted from the
Renkin equation. There are two assumptions, solid sphere
and centerline drag coefficient, used in the development of
the Renkin equation. As seen in reviews by Dechadilok and
Deen,41,42 theories for hindered diffusion have been extended
to actual systems, which include nonspherical solutes, non-
circular pores, and off-axis solute positions. Centerline
approximation appears accurate for diffusion of a sphere in a
cylindrical pore. Configuration effects on hindered diffusion
have been studied, and the results revealed that diffusivities
of nonspherical solutes deviate to predicted values of spheri-
cal solutes.43–45 The difference between our results and those
predicted from the Renkin equation might be a result of the
configuration effect.

Configuration effect on diffusion

Hindered diffusion of AVR SFEF cuts is more severe than
that predicted by the Renkin equation. A recent study indi-

cated that SARA subfractions of the same SFEF fraction
have different configurations.46 SARA subfractions of
SFEF-3 were used to evaluate the effect of configuration on
diffusion of residue molecules. The average effective diffu-
sion coefficients of three SARA subfractions of SFEF-3 are
depicted in Figure 8.

The results show that the effective diffusion coefficients
differ among the SARA subfractions. Saturate has the largest
effective diffusion coefficient, followed by aromatic, and
then resin subfractions. The hindrances of diffusion for the
three SARA subfractions, which can be seen from the slopes
in Figure 8, have the same decreasing trend as the diffusion
coefficients. Zhang et al.46 have found that the average struc-
ture of the SARA subfractions in the same SFEF fraction of
heavy oil was different. Both aromatic rings and condensa-
tion degree increase in reverse of effective diffusion coeffi-
cient. The condensation degree of saturate is smaller than
that of aromatic and both are smaller than that of resin. Dif-
fusion of crosslinked molecules is hindered more intensively
than branched molecules.47 Bohrer et al.21 also found that
hindrance factors for linear polymers are significantly greater
than those for star-branched polymers. As shown in Table 1,
AVR is highly aromatic in constitution. The large degree of
aromatic condensation might result in diffusion behavior of
these cuts nearer to star-branched molecules rather than that
of linear molecules.

There are small differences among diffusivities of SARA
subfractions for SFEF-3. The subtle differences in diffusiv-
ities may result from small variations in the structures
among the SARA subfractions, as shown by Zhang et al.46 It
indicates that suitable catalysts need to be chosen to match
residues even though their average molecular weight is simi-
lar. The effect of configuration on diffusion for residue was
not been examined in the previous studies.

Conclusions

Hindered diffusivities of the AVR SFEF cuts across
porous membranes were investigated quantitatively by a dia-
phragm cell. The results showed that effective diffusion
coefficients decrease slightly as experimental time increases,

Figure 6. Effective diffusion coefficients vary with pore
diameters.

Figure 7. Hindrance factor as a function of the ratio of
cuts size and pore size.

Figure 8. Effective diffusion coefficients of SFEF-3 sub-
fractions vary with pore diameters.
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which illustrates that these cuts are polydisperse in size. The
average effective diffusivities decrease as cuts become heav-
ier and membrane pores become narrower. The hindrance
factor of the end-cut in 15-nm pore size membranes is esti-
mated to be 0.16, corresponding to the variation range of
0.51–0.79 for the four SFEF fractions. This suggests that the
diffusion of AVR molecules is strongly hindered across
pores of typical hydrotreating catalysts. The results from fit-
ting the experimental data indicate that the hindered degree
of the five SFEF cuts is larger than predicted value from the
Renkin equation. The different diffusivities of the SARA
subfractions for SFEF-3 imply that the effective diffusivities
and diffusion hindrance might be influenced by the configu-
ration of residue molecules.

Acknowledgments

The authors acknowledge the support by the National Natural Sci-
ence Foundation of China through the program for Distinguished
Young Scholar (Grant Nos. 20525621 and 20725620) and the National
Basic Research Program (Grant Nos. 2004CB217802 and
2004CB217803).

Notation

c ¼ concentration of solution
d ¼ diameter of solute
dp ¼ diameter of pore
De ¼ effective diffusion coefficient of solute
Db ¼ bulk diffusion coefficient of solute
F ¼ hindered factor of diffusion
l ¼ effective diffusion path length
m ¼ the amount of the solute
M ¼ molecular weight
n ¼ pore density
S ¼ effective diffusion area of the membrane pores
t ¼ time of sampling
T ¼ absolute temperature
V ¼ volume of chamber of diaphragm cell

Greek letters

g ¼ solvent viscosity
j ¼ Boltzmann’s constant
k ¼ ration of molecule diameter to pore diameter, d/dp

Subscript

i ¼ the ith SFEF fraction of AVR
j ¼ sampling number
0 ¼ initial state of diffusion experiment
f ¼ finial state of diffusion experiment
L ¼ lower chamber
U ¼ upper chamber
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