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Diffusion behavior of narrow fractions of three residues and subfractions of a residue through four polycarbonate
membranes was investigated using a diaphragm cell at 308 K. The results show that the diffusivities of fractions with similar
molecular weight behaved differently. Comparisons among SAR subfractions (saturates, aromatics, and resins) of the same
fraction show that saturates has the largest diffusion coefficient, followed by aromatics, and then resins. The diffusion
coefficients of fractions fall among that of their subfractions. The regular variation of diffusivity along with the properties
for fractions with similar molecular weight is an indication of the difference in their diffusivities resulting from the
difference in their compositions and structures. Hindrance factors of the subfractions through membranes with small pores
have a similar variation trend as their diffusion coefficients. The hindrance factors of the feedstocks in 50 and 80 nm pore
size membranes are mostly larger than 0.90, but the values in 15 nm membranes range from 0.55 to 0.81. The study not only
indicates that the diffusional limitations are significant in pores with the typical hydrotreating catalyst size but composition
and configuration have an effect on the hindered diffusion of residue molecules.. VVC 2012 American Institute of Chemical

Engineers AIChE J, 59: 1369–1377, 2013
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Introduction

Production of clean fuels from petroleum residue is becom-
ing crucial to satisfy the increasing energy demands as conven-
tional oil continually depletes. It is well-known that the cata-
lytic conversion of residue is strongly influenced by diffusion
resistance, in part due to the fact that the size of most residue
species is comparable to the average pore diameters of typical
hydrotreating catalysts. Resistance to diffusion would signifi-
cantly reduce the effectiveness of the catalysts and the overall
catalytic reaction rate. Therefore, the knowledge of diffusion
behavior of residue molecules is vital to the design of efficient
catalyst and hydroconversion performance of heavy feedstocks.

Hindered diffusion of heavy oil molecules has been studied
extensively by diaphragm diffusion cell,1–3 adsorptive
uptake,4–6 and reactive kinetic methods.7–9 All experimental
results to date confirmed that the hindered effect is significant
for residue molecules diffusing through pores with typical
hydrotreating catalyst size. More recently, modeling results
also revealed that intraparticle diffusion is a crucial factor for
residue hydrotreating processes.9,10 However, the hindered
magnitude of diffusion for residue molecules varies across the
investigations.1,4,7,11 Because of the extreme complexity in an
actual feedstock, it is difficult to obtain detailed diffusion
behavior of petroleum residue without appropriate separations.

In our previous study, Athabasca oil sand bitumen vacuum res-
idue (AVR) was separated by a supercritical fluid extraction and
fractionation (SFEF) technique, and hindered diffusivities of five
AVR SFEF fractions through polycarbonate membranes were
investigated.12 The results showed that the hindered degree of
diffusion for the fractions is higher than the predicted value from
the Renkin equation,13 which derives from a hydrodynamic
theory model of noninteracting spherical particles moving along
the centerline of the cylindrical pore. A number of theoretical
and experimental studies have confirmed that diffusion of non-
spherical solutes deviate from the Renkin equation.14–17 Unfortu-
nately, there has not yet been any detailed publication concerning
the effect of configuration on the diffusion behavior of petroleum
residue molecules. Therefore, a further study on this aspect is
necessary to understand the published results.

The primary focus of the present study is on extending inves-
tigation of residue molecule diffusivity through polycarbonate
membranes to include the influence of composition and molecu-
lar configuration. Three residues were applied as feedstocks in
this study. The diffusion coefficients of SFEF fractions of the
residues are determined and that of fractions with similar molec-
ular weight are compared. Furthermore, AVR SFEF fractions
were subdivided into SAR subfractions (saturates, aromatics,
and resins). The effect of molecular configuration was taken into
account by comparing diffusion behavior of SAR subfractions.

Hindered Diffusion

It should be noted that the hindrance factor, the ratio of
effective to bulk diffusion coefficient of a solute molecule,
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has been commonly used to quantitatively describe the hin-
dered degree of diffusion. Most hindered diffusion studies at-
tribute hindrance to two factors: steric restriction and hydro-
dynamic drag resistance. Both of the factors depend on the
ratio of solute size to pore size, k ¼ d/dp. Here, d and dp are
solute size and pore size, respectively.

Numerous theoretical correlations have been proposed to
relate hindrance factor to k. Combining equilibrium partition
coefficients from Ferry18 and centerline drag coefficients
from Lane19 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
through membrane, 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.8,20 However, not all studies support it.7,21

Therefore, several alternative empirical expressions have been
developed. The following power-law relationship is one that
has been used in hindered diffusion studies7,22

FðkÞ ¼ ð1 � kÞm (2)

The parameter m indicates the hindered magnitude of dif-
fusion. When m ¼ 4.4, the power law’s predictions approach
that of the Renkin equation.

Experimental

Feedstock preparation

Canada AVR, Chinese Dagang vacuum residue (DVR), and
Kazakhstan vacuum residue (KVR) were used as feedstocks.
Each residue was separated into several fractions and an end-
cut by the SFEF technique. Subfractions were obtained by a
two-step process of SFEF technique followed by SAR separa-
tion. The separation process and operating procedure have
been reported elsewhere.23,24 It is known that properties, such
as molecular weight, of SFEF fractions vary gradually with
increased SFEF yield. Hence, every third fraction (SFEF-3,
SFEF-6…) of the residues was chosen as feedstocks for the
diffusion experiments. SARA (saturates, aromatics, resins, and
asphaltenes) analyses were performed according to the proce-
dures described by Liang.25 The residues and the correspond-
ing SFEF fractions were subjected to various analyses. The av-
erage molecular weight was determined in toluene at 45�C
using a Knauer vapor pressure osmometer (Knauer Instru-
ments, Germany). The elemental analysis was carried out on a
Perkin-Elmer CHNS/O Analyzer 2400 (Perkin-Elmer).

Toluene was used as solvent for the diffusion experiments.
The solution was filtered through a 2 lm pore 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 diffusion experiments were performed using a dia-
phragm diffusion cell described in detail elsewhere.12 A brief
summary of the diffusion cell is given below. The apparatus
illustrated in Figure 1 contains two glass chambers clamped
together with a membrane between them. Teflon-coated
magnetic stirring bars are mounted in the chambers and are
driven by the rotation of an external magnet. To maintain a

constant temperature, the cell was placed in a thermostatic
bath during experiments.

The lower and upper chamber hold a volume of 48.1 ml
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. The thickness of these
membranes measured by scanning electron microscopy pho-
tographs is 6.64, 6.66, 6.66, and 11.01 lm, respectively.
This type of membranes is extensively used in the study
of diffusional transport because of their ideal pore
geometry.16,21,26

Diffusion coefficient measurements

Diffusion coefficient measurements were performed using
the diaphragm diffusion cell mentioned above. The method
for measuring diffusion coefficient is described in detail else-
where.12 A brief description is given below.

The same procedure for measuring diffusivity was applied
in each case. Initially, the lower chamber was filled with so-
lution and the upper chamber with pure solvent. Discrete
samples (about 2 ml) were withdrawn from the upper cham-
ber at appropriate time intervals. Then, an equal volume of
pure toluene was added to the upper chamber to keep the
volume constant. The diffusion experiment ended when equi-
librium was approached. The concentrations of the samples
and the final solutions in the upper and lower chambers were
determined by evaporating the solvent and weighing the resi-
due. The concentration in the lower chamber corresponding
to the sampling point was determined from mass balance.

In the pseudo-steady-state, the flux across the membrane
in incremental time dt equals the change in the amount of
solute in any chamber. So combining mass balance of two
chambers and diffusion flux through membrane pores, one
obtains

d

dt
ðcL � cUÞ ¼ � S

l

1

VL

þ 1

VU

� �
DðcL � cUÞ (3)

Figure 1. Schematic diagram of diaphragm diffusion
cell apparatus.
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where D is the diffusion coefficient of solute, cL and cU refer
to solute concentrations in the lower and the upper chamber of
the diaphragm cell, VL and VU are the 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.

Integrating Eq. 3 between the jth and (j þ 1)th sampling,
we have

ln
cL;jþ1 � cU;jþ1

cL;j � cU;j
¼ �bDjDtj;jþ1 j ¼ 0; 1; 2……ð Þ (4)

In this equation, the subscripts j and j þ 1 refer to the
sampling numbers, t is the time of sampling, Dj is the aver-
age diffusion coefficient of the solute transporting through
the pores between the jth and (j þ 1)th sampling, and b is
the constant of the diaphragm cell and is given by Eq. 5

b ¼ S

l

1

VL

þ 1

VU

� �
(5)

An aqueous solution of potassium chloride at 298 K was
used to determine b in this study. The method is described
elsewhere27–29 and the diaphragm cell constants with the
four membranes are provided in our previous study.12

The mass balances were checked for each of the diffusion
experiments. The results show that the mass of the solute in
the lower chamber at the beginning of the experiment
equaled the mass of the solute in both chambers at the end
of the experiment. The differences in the mass measurements
are less than 0.6%. Furthermore, the error in the diffusion
coefficient measurement was analyzed. The results indicate
that it is mainly caused by the experimental errors in con-
centrations and diaphragm cell constant measurements. The
largest values of them are 3.12 and 0.29%, respectively, for
the chosen AVR fractions.

Results and Discussion

Properties of the residues and the SFEF fractions

The main properties of three residues and their SFEF frac-
tions used in this work are summarized in Table 1. The
properties of the residues vary over a wide range. In compar-
ison, AVR has the lowest H/C atomic ratio and largest sulfur
content, KVR has the largest H/C atomic ratio, and DVR
has the lowest sulfur content. AVR is highly aromatic and
has large aromatic and resin components. KVR is relatively

paraffinic and has the largest amount of saturates. The prop-
erties of DVR fall between that of AVR and KVR.

There is large variation in the properties of the SFEF frac-
tions within a given residue. Molecular weight increases as
the fractions become heavier. Density has the similar varia-
tion trend as molecular weight, whereas H/C atomic ratio
has the opposite variation trend. Saturates are concentrated
in the light SFEF fractions, whereas aromatic and resin com-
ponents are enriched in the heavy fractions.

Effect of composition on diffusion

The results of our previous study showed that the diffu-
sion coefficients of AVR fractions through four membranes
are time-dependent.12 To illustrate this, the diffusion coeffi-
cients of three fractions among three residues through 15-nm
pore size membranes are plotted against experimental time
in Figure 2.

The results show that the diffusion coefficients of each
fraction decrease gradually as the experiment proceeds. It is
well-known that residue molecules, especially asphaltenes,
have significant adsorption on metallic and mineral sur-
face.30,31 As a result, repeated diffusion of the same feed-
stock solution was used to test residue adsorption in mem-
brane pores. Of continuously duplicate runs, the results were
quite reproducible. As a result, residue molecules are not
significantly absorbed in the pores of the polycarbonate
membranes and the influence of physisorption on diffusion is
excluded from consideration. Therefore, time-dependent

Table 1. Properties of the Residues and Their Fractions

Feeds
Molecular

Weight
Density
(g/cm3)

H/C
(�)

Sulfur
(wt %)

Saturates
(wt %)

Aromatics
(wt %)

Resins
(wt %)

Asphaltenes
(wt %)

AVR 1147 1.060 1.43 6.05 7.80 41.52 32.60 18.09
AVR-3 643 0.984 1.62 3.99 14.78 68.03 18.16 0
AVR-6 748 1.008 1.54 4.82 5.07 63.32 31.41 0
AVR-9 903 1.039 1.38 5.43 0 61.43 38.13 0
AVR-12 1599 1.067 1.37 6.48 0 48.15 58.72 0
DVR 1008 0.980 1.59 0.24 28.00 34.28 36.01 1.72
DVR-3 776 0.931 1.75 0.21 52.58 32.5 14.92 0
DVR-6 890 0.936 1.75 0.23 45.44 37.09 17.46 0
DVR-15 1759 0.990 1.52 0.30 0.89 38.48 60.63 0
KVR 731 0.935 1.72 2.61 53.95 26.43 16.88 0
KVR-6 735 0.905 1.83 1.90 69.70 22.23 8.10 0
KVR-9 923 0.906 1.78 2.20 66.68 24.60 8.70 0
KVR-18 1557 0.960 1.62 3.91 15.15 51.05 33.80 0

Figure 2. Effective diffusion coefficients of three frac-
tions with similar molecular weight in 15-nm
pore size membranes.
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diffusion coefficients illustrate that these fractions are poly-
disperse mixtures and contain a large number of substances
with a range of molecular sizes. The smaller species diffuse
more readily through the membrane pores, resulting in
decreasing diffusion coefficients as the experiment
progresses.

In comparison, it is revealed from Figure 2 that DVR-6
exhibits lower diffusivity than KVR-9 and higher diffusivity
than AVR-9. As can be seen from Table 1, these three frac-
tions have similar molecular weights. The results of our previ-
ous study showed that the diffusion coefficients decrease as
AVR fractions become heavier.12 To examine the diffusion
behavior of residue molecules further, an average diffusion
coefficient for a SFEF fraction has been defined and calcu-
lated from the diffusion coefficients distribution by Eq. 6.

Dei ¼
Pn

j¼1 ðDi;j � mi;jÞPn
j¼1 mi;j

ði ¼ 3; 6; 9:::; j ¼ 1; 2:::nÞ (6)

where Dei is the average diffusion coefficient of the ith
fraction and mi,j is the amount of the ith fraction through the
membrane in the jth interval. The calculated average
effective and bulk-phase diffusion coefficients of the
fractions of three residues are summarized in Table 2. Here,
the bulk-phase diffusion coefficients were determined by
extrapolating the effective diffusion coefficients through the
four membranes to infinite pore diameter. The detail was
described elsewhere.12

Table 2 presents that the mean bulk-phase diffusion coeffi-
cients of fractions range from 5.43 � 10�6 cm2/s to 8.64 �
10�6 cm2/s. In recent years, there have been several studies
on the measurement of asphaltene bulk-phase diffusivity in
toluene. Durand et al.32 found the infinite diffusion coeffi-
cient for Buzurgan asphaltenes to be about 2.4 � 10�6 cm2/s
by means of 1H diffusion-ordered spectroscopy NMR.
Lisitza et al.33 observed that the diffusion coefficient of UG8
asphaltenes was 2.9 � 10�6 cm2/s below 0.3 g/L concentra-
tion. Fluorescence correlation spectroscopy showed that the
translational diffusion coefficients of several petroleum
asphaltenes are about 3.5 � 10�6 cm2/s.34,35

The bulk-phase diffusion coefficients of the SFEF frac-
tions in this study are larger than that of asphaltenes men-
tioned in the above literature. Different diffusion coefficients
among four fractions and asphaltenes for heavy crude oil
have previously been determined by Durand et al.36 The dif-
fusion coefficient of the residue fraction is more than three
times as large as that of asphaltenes in their study. Thus, the

results of the current work can be reasoned due to the dis-
tinct compositions and properties between fractions and
asphaltenes.

As shown in Table 2, there are significant differences in
average diffusion coefficients of fractions across the three
residues in each group, which includes the fractions with
similar average molecular weight. For diffusing through the
same size membranes, KVR fractions with similar molecular
weight have the largest average diffusion coefficient, fol-
lowed by DVR, and then AVR. Furthermore, average diffu-
sion coefficient of KVR-18 is similar to that of DVR-15,
although the molecular weight of the former is much larger
than that of the latter. Obviously, the diffusivity of residue
molecules with similar molecular weight presents a regular
variety. Therefore, the pore size appropriate for residue dif-
fusion has to take the composition of the particular feeds
into consideration.

With an attempt to interpret the distinction of diffusion
behavior for the fractions of different residues, the detailed
property analyses of them are described here. The analytical
data in Table 1 show that there is a positive variation trend
in properties of the fractions with similar molecular weights.
The AVR fraction has the largest density and lowest H/C
atomic ratio. For the KVR fraction, the situation is reversed.
The properties of the DVR fraction fall between that of the
AVR and KVR fractions. A characterization index, which is
a function of H/C atomic ratio, molecular weight, and den-
sity, has been proposed and can be correlated well with
many properties of residues and their fractions.37 Therefore,
variation of the diffusion coefficients of the fractions with
similar molecular weight as H/C atomic ratio and density
seems reasonable. It indicates that the composition of the
fractions has an effect on their diffusivity. In this regard, the
textural of the catalyst must be matched with the properties
of the feeds.

Table 1 also shows that the AVR fraction has the largest

aromatic and resin contents while having the smallest satu-

rate contents. The SAR composition of the KVR fraction is

opposite as that of the AVR fraction. The DVR fraction has

relatively even composition compared with fractions of the

other two residues. In a recent study, the significant differen-

ces in the average structure of the SAR subfractions of the

same SFEF fraction have been presented by Zhang et al.38

The condensation degree of saturates is smaller than that of

aromatics, which are in turn smaller than that of resins. A

large research effort has been devoted to studying the config-

uration effect on diffusivity of macromolecules.16,17,21,39

Most of the results showed that bulk-phase and hindered dif-

fusivities of macromolecules with different molecular config-

urations behaved more or less differently. Combining the

study of Zhang et al.38 with that of configuration effect on

diffusion of macromolecules,16,17,21,39 one can predict the

different diffusion behavior of SAR components in a frac-

tion. Based on the prediction, the distinction of diffusion

behavior for fractions with similar molecular weight for dif-

ferent residues was deducted to be caused by different SAR

composition among them.

As mentioned above, hindered diffusion of heavy oil mol-
ecules has been investigated extensively via three methods.
There are some differences of hindered degree among these
studies,1,4,7,11 which might partly due to different feedstock
compositions. A wide range of heavy feeds available for

Table 2. Comparison of Average Diffusion Coefficients of
SFEF Fractions for Three Residues

Fraction
Molecular

Weight

D � 106 (cm2/s)
Db � 106

15
(nm)

50
(nm)

80
(nm)

1000
(nm) (cm2/s)

KVR-6 735 6.82 7.93 8.25 8.70 8.64
DVR-3 776 6.10 7.22 7.30 7.85 7.78
AVR-6 748 5.82 7.13 7.41 7.56 7.70
KVR-9 923 6.55 7.73 8.15 8.64 8.56
DVR-6 995 5.72 6.53 6.89 7.03 7.07
AVR-9 908 4.66 6.05 6.48 6.63 6.78
KVR-18 1557 3.67 4.98 5.33 5.62 5.71
DVR-15 1312 3.75 5.22 5.32 5.74 5.83
AVR-12 1599 2.95 4.62 5.03 5.17 5.43
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refineries suggests the need for designing tailor-made cata-
lysts suitable for a particular feed. Stimulated by this reason,
a further study on the diffusion behavior of heavy feedstocks
needs to be performed.

Effect of configuration on diffusion

To gain some insight into the diffusional discrepancy of
fractions with similar molecular weight, the runs of diffusion
experiments of four SFEF fractions of AVR and their sub-
fractions were carried out under the same conditions. The
effective diffusion coefficients of AVR-3 and its subfractions
through 15-nm pore size membranes are plotted against the
experimental time in Figure 3.

As shown in Figure 3, the effective diffusion coefficients
of AVR-3 and its subfractions decrease gradually as the
experiment proceeds, which is similar to the trend in Figure
2. Comparison of the data shows that the diffusion coeffi-
cients differ among three SAR subfractions of AVR-3. The
diffusivities rank as follows: saturates has the largest effec-
tive diffusion coefficient, followed by aromatics and finally
resins. Average diffusion coefficients of four chosen AVR
fractions and their subfractions through four membranes are
summarized in Tables A1–A4 of the Appendix. Tables A2–
A4 show that diffusion behavior of the other three fractions
and their subfractions is similar to that of AVR-3 in Figure
3. The results validate the prediction proposed above: diffu-
sivities of SAR subfractions over a given fraction are differ-
ent.

The data in the Appendix show that the diffusion coeffi-
cients of fractions fall among the values of their subfrac-
tions. A fraction is comprised of various SAR components.
Accordingly, a model correlating diffusion coefficient of a
fraction with that of its subfractions is proposed and
expressed as

DF ¼ ewSDS þ fwADA þ gwRDR (7)

where DF is the average diffusion coefficient of a fraction, DS,
DA, and DR refer to the average diffusion coefficients of its
saturate, aromatic, and resin subfractions through the same
pore size membranes, respectively, wS, wA, and wR are the
corresponding weight percentage of the subfractions in
the fraction, and e, f, and g are correlation coefficients. The
experimental average diffusion coefficients of AVR fractions

and their subfractions are plotted vs. average molecular weight
in Figure 4. The corresponding values and the average
diffusion coefficients of fractions determined from Eq. 7 are
summarized in Table 3.

Figure 4 shows that the average diffusion coefficients of
fractions and their subfractions decrease as fractions
become heavier and membrane pores become narrower.
Results have shown that bulk-phase diffusivity values of
vacuum residue fractions follow a power law relationship
with molecular weight.40 Further studies indicate that diffu-
sivity of residue molecules depend on molecular size and
pore size.7,11 Discussion on diffusion hindrance of residue
molecules is presented in the following section in more
detail. Furthermore, Figure 4 illustrates that the decreasing
order among the other three groups of subfractions is con-
sistent with that of AVR-3. Relative to aromatics and res-
ins, saturates have higher diffusivity. Aromatics exhibited
higher diffusivity than resins.

From Table 3, it reveals that the predicted diffusion coeffi-
cients of fractions are in reasonable agreement with

Figure 3. Effective diffusion coefficients of AVR-3 and
its subfractions in 15-nm pore size mem-
branes.

Figure 4. Experimental average diffusion coefficients
of AVR fractions and their subfractions vs.
average molecular weight for the mem-
branes: (a) 1000 nm, (b) 80 nm, (c) 50 nm,
and (d) 15 nm.
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experimental results. The relative deviations are mostly less
than 2%. This indicates that the interaction between residue
molecules is negligible due to the fact that the solution is
dilute. On the other hand, the diffusion of a fraction is con-
tributed by all its components together. Table 3 also shows
that the discrepancies of average diffusion coefficients of
subfractions of the same fraction are not distinct. This might
result from the slight differences of configuration of subfrac-
tions within the same fraction, which has been illustrated in
the study of Zhang et al.38

A comparison of the correlation coefficients of Eq. 7
between different fractions is provided in Table 3, illus-
trating that the coefficients are relatively random. Petro-
leum residue is known to be a very complex mixture,
which contains a great variety of compounds and struc-
tures. There is not a regular variation in the composition
as fractions become heavier. Therefore, a universal model
with fixed correlation coefficients cannot be developed.
However, a qualitative conclusion can be made from the
above comparison. Generally, saturate components diffuse
more readily than aromatics and resins with the similar
molecular weight. Therefore, it needs to provide more
large size pores in catalyst for dealing with aromatic resi-
due than paraffinic residue. As a result, different pore
structures of catalyst are required to match various feed-
stocks even though the average molecular weights of them
are similar.

Hindrance factors

As previously mentioned, hindrance factor is the ratio of
effective to bulk-phase diffusion coefficients. Therefore, the
hindrance factors of AVR fractions and their subfractions
diffusing through three membranes with small pore size (15,
50, and 80 nm) are determined accordingly and summarized
in Table 4.

As listed in Table 4, hindrance factors decrease as frac-
tions become heavier and membrane pores become nar-
rower. A reduction of 20–43% in diffusion coefficients of
fractions occurs at the pore size of 15 nm, which indicates
that the intraparticle diffusion resistance is significant for
residue molecules through pores with size around typical
residue hydrotreating catalysts. The mass transfer limitation
of residue molecules is alleviated as the membrane pore

size increases to 50 nm. Therefore, it implies that the
accessibility of the active sites will be improved when
larger pore size are introduced into typical residue hydro-
treating catalysts.

Generally, the variation trend of hindrance factor for the
subfractions within a given fraction is consistent with the
trend in their diffusion coefficients. Resins encounter the
strongest resistance in the membrane with the same pore
size, followed by aromatics and then saturates. Diffusion
of star-branched polymers has been proved to be hindered
more intensively than linear polymers.16 Bohrer et al.39

also found hindrance factors for branched macromolecules
are significantly greater than that for crosslinked macro-
molecules. Moreover, Zhang et al.38 found that the aver-
age structures of the subfractions within the same SFEF
fraction of heavy oil are different. The aromatic ring mag-
nitude and condensation degree of saturates is smaller
than that of aromatics and both are smaller than that of
resins. Both aromatic ring magnitude and condensation
degree of SAR components vary in reverse of effective
diffusivity determined in this current study. Therefore, the
configuration has an effect on the hindered diffusion of
residue molecules. The difference of hindered degree for
subfractions of the given fraction results from their differ-
ent configurations.

Table 4. Hindrance Factors of AVR Fractions and Their
Subfractions

Fraction

dp F(k)

(nm) Fraction Saturates Aromatics Resins

AVR-3 15 0.80 0.81 0.80 0.79
50 0.93 0.93 0.93 0.93
80 0.98 0.98 0.97 0.98

AVR-6 15 0.77 nes 0.77 0.77
50 0.94 nes 0.94 0.93
80 0.98 nes 0.98 0.98

AVR-9 15 0.70 nes 0.75 0.67
50 0.91 nes 0.95 0.87
80 0.98 nes 0.98 0.96

AVR-12 15 0.57 nes 0.58 0.55
50 0.89 nes 0.91 0.85
80 0.97 nes 0.97 0.97

nes: not enough sample for diffusion experiment.

Table 3. Experimental Diffusion Coefficients of AVR Fractions and Predicted Values by Their Subfractions

Fraction
dp

(10�6 cm2/s)
Relative Deviation

Constant(nm) DS DA DR DF;exp DF;pre (%)

AVR-3 15 6.85 6.67 6.46 6.67 6.61 0.96 e ¼ 2.58, f ¼ 0.40, g ¼ 2.00
50 7.83 7.79 7.69 7.76 7.76 0.06
80 8.26 8.12 8.07 8.16 8.11 0.66

1000 8.43 8.38 8.23 8.36 8.34 0.32
AVR-6 15 nes 6.03 5.74 5.82 5.87 0.98 f ¼ 0.74, g ¼ 1.52

50 nes 7.24 6.92 7.13 7.06 0.89
80 nes 7.55 7.30 7.41 7.41 0.03

1000 nes 7.72 7.45 7.56 7.57 0.18
AVR-9 15 nes 5.02 4.43 4.66 4.73 1.47 f ¼ 0.71, g ¼ 1.49

50 nes 6.39 5.72 6.05 6.07 0.36
80 nes 6.55 6.08 6.48 6.35 2.01

1000 nes 6.71 6.57 6.63 6.68 0.84
AVR-12 15 nes 3.03 2.73 2.95 2.94 0.09 f ¼ 1.60, g ¼ 0.42

50 nes 4.77 4.24 4.62 4.62 0.03
80 nes 5.12 4.86 5.03 5.03 0.02

1000 nes 5.26 5.00 5.17 5.16 0.01

nes: not enough sample for diffusion experiment.
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Residues have many different compounds with different
chemical reactivities and diffusivities. Song et al.41 showed
that the dependence of conversion of two asphaltenes on
the catalyst pore size is different because of their different
molecular size and configuration. In view of different dif-
fusion resistance of various residue molecules, a commer-
cial catalyst with specific pore structure needs to be
designed to achieve high performance. In this regard, tai-
lor-made catalysts with special chemical composition and
physical properties are required to match actual residue
feedstocks.

Conclusions

In the current study, diffusivities of SFEF fractions of
three residues and subfractions of AVR through four po-
rous membranes were investigated quantitatively with a
diaphragm cell. The results show that the average bulk-
phase diffusion coefficients of SFEF fractions range from
5.43 � 10�6 cm2/s to 8.64 � 10�6 cm2/s, which are
larger than that of asphaltenes reported in the literature. It
can be reasoned due to the distinct compositions between
the fractions of this study and asphaltenes in the literature.
Furthermore, diffusivities of fractions with similar molecu-
lar weight differ with each other for three residues. The
variation trend of diffusion coefficients for fractions with
similar molecular weight is consistent with that of their
properties, such as H/C atomic ratio, density, and SAR
composition. Combining distinction of configurations of
SAR subfractions with previous studies of configuration
effect on diffusivity of macromolecules, different diffusion
behavior of the SAR components in a fraction is pre-
dicted. The diffusivities of AVR fractions and their sub-
fractions validate this prediction. It indicates that the dis-
tinction of diffusion coefficients for fractions of different
residues results from different SAR composition among
them. Both diffusion coefficients and hindrance factors for
AVR subfractions rank as follows: saturates have the larg-
est value, followed by aromatics, and then resins. The
comparison among the subfractions validate that composi-
tion and configuration have an effect on the diffusion
behavior of residue molecules.
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Notation

c ¼ concentration of solution
d ¼ diameter of solute
dp ¼ diameter of pore
D ¼ diffusion coefficient of solute
D ¼ average diffusion coefficient of solute

e, f, g ¼ correlation coefficients
F ¼ hindered factor of diffusion
l ¼ effective diffusion path length
m ¼ the amount of the solute
S ¼ effective diffusion area of the membrane pores
t ¼ time of sampling

V ¼ volume of chamber of diaphragm cell
w ¼ weight percentage of subfractions

Greek letters

b ¼ constant of the diaphragm cell
k ¼ ration of molecule diameter to pore diameter, d/dp

Subscript

A ¼ Aromatics
b ¼ bulk diffusion
e ¼ effective diffusion

exp ¼ experimental value
i ¼ the ith SFEF fraction of AVR
j ¼ sampling number

L ¼ lower chamber
pre ¼ predicted value

R ¼ resins
S ¼ saturates
U ¼ upper chamber
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Appendix

Table A2. Diffusion Coefficients of AVR-6 and Its
Subfractions

t (h)

D � 106 (cm2/s)

Fraction Saturates Aromatics Resins

15 nm 1. 5 6.38 nes 6.74 6.37
3 6.22 nes 6.61 6.20
5.5 5.96 nes 6.44 6.08
9.5 5.80 nes 6.16 5.71

16.5 5.62 nes 5.75 5.52
50 nm 0.38 7.52 nes 7.88 7.67

0.67 7.39 nes 7.53 7.34
1.08 7.19 nes 7.27 7.17
1.67 7.09 nes 7.25 6.61
2.5 6.97 nes 6.91 6.50

80 nm 0.38 7.90 nes 7.93 7.86
0.67 7.64 nes 7.78 7.68
1.08 7.47 nes 7.69 7.39
1.67 7.30 nes 7.51 7.26
2.5 7.21 nes 7.37 7.13

1000 nm 0.38 7.97 nes 8.41 7.74
0.67 7.69 nes 8.15 7.61
1.08 7.49 nes 7.83 7.48
1.67 7.44 nes 7.53 7.36
2.5 7.44 nes 7.45 7.24

nes: not enough sample for diffusion experiment.

Table A1. Diffusion Coefficients of AVR-3 and Its
Subfractions

t (h)

D � 106 (cm2/s)

Fraction Saturates Aromatics Resins

15 nm 1.75 7.20 7.43 7.27 6.97
3.25 7.07 7.15 7.14 6.88
6 6.92 6.93 6.85 6.61

10 6.62 6.85 6.60 6.42
16 6.40 6.60 6.42 6.25

50 nm 0.38 8.09 8.14 8.10 8.05
0.67 8.00 8.02 7.94 7.95
1.08 7.89 7.87 7.89 7.90
1.67 7.74 7.73 7.73 7.69
2.5 7.60 7.70 7.65 7.50

80 nm 0.38 8.47 8.57 8.47 8.44
0.67 8.36 8.23 8.28 8.24
1.08 8.25 8.25 8.22 8.19
1.67 8.13 8.19 8.14 7.96
2.5 8.00 8.15 7.94 7.89

1000 nm 0.38 8.91 8.93 8.91 8.75
0.67 8.57 8.73 8.73 8.60
1.08 8.31 8.57 8.52 8.37
1.67 8.25 8.45 8.22 8.13
2.5 8.16 8.17 8.13 7.99

1376 DOI 10.1002/aic Published on behalf of the AIChE April 2013 Vol. 59, No. 4 AIChE Journal



Table A3. Diffusion Coefficients of AVR-9 and Its
Subfractions

t (h)

D � 106 (cm2/s)

Fraction Saturates Aromatics Resins

15 nm 1. 5 5.40 nes 5.50 5.10
3 5.20 nes 5.24 4.73
5.5 4.90 nes 5.10 4.56

10 4.58 nes 5.00 4.37
17.5 4.43 nes 4.89 4.26

50 nm 0.38 6.44 nes 6.79 6.08
0.67 6.36 nes 6.52 5.91
1.08 6.29 nes 6.40 5.84
1.75 6.05 nes 6.30 5.76
2.83 5.87 nes 6.27 5.58

80 nm 0.38 6.95 nes 6.91 6.71
0.67 6.77 nes 6.77 6.52
1.08 6.62 nes 6.69 6.35
1.75 6.42 nes 6.58 5.20
2.83 6.27 nes 6.38 6.14

1000 nm 0.38 7.13 nes 7.21 7.14
0.67 7.05 nes 7.00 6.98
1.08 6.81 nes 6.73 6.76
1.75 6.63 nes 6.56 6.47
2.83 6.39 nes 6.43 6.29

nes: not enough sample for diffusion experiment.

Table A4. Diffusion Coefficients of AVR-12 and Its
Subfractions

t (h)

D � 106 (cm2/s)

Fraction Saturates Aromatics Resins

15 nm 1. 5 3.58 nes 3.70 3.26
3 3.36 nes 3.39 3.11
5.5 3.09 nes 3.26 3.03

10 2.91 nes 2.88 2.80
19 2.83 nes 2.64 2.38

50 nm 0.58 5.09 nes 5.19 4.55
1.17 4.83 nes 5.01 4.42
1.92 4.64 nes 4.90 4.30
2.92 4.51 nes 4.75 4.17
4.25 4.45 nes 4.58 4.09

80 nm 0.58 5.34 nes 5.69 5.30
1.17 5.15 nes 5.42 5.17
1.92 5.03 nes 5.25 5.07
2.92 4.99 nes 5.05 4.92
4.25 4.87 nes 4.79 4.79

1000 nm 0.58 5.57 nes 5.83 5.51
1.29 5.31 nes 5.51 5.23
2.13 5.08 nes 5.22 5.08
3 5.04 nes 5.13 4.93
4.25 5.00 nes 5.04 4.79

nes: not enough sample for diffusion experiment.
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