AIChE

Application of Taylor Dispersion Technique to Measure Mutual
Diffusion Coefficient in Hexane + Bitumen System

Mohsen Ghanavati, Hassan Hassanzadeh, and Jalal Abedi
Dept. of Chemical and Petroleum Engineering, Schulich School of Engineering, University of Calgary, Calgary,
AB T2N 1N4, Canada

DOI 10.1002/aic.14438
Published online March 17, 2014 in Wiley Online Library (wileyonlinelibrary.com)

A novel approach with fewer technical and analytic limitations in liquid solvent-bitumen diffusion studies is used in this
article. The Taylor dispersion technique was selected for its convenient short run time experiments and reliable data
analysis to find mutual diffusion coefficients in a hexane + bitumen mixture. For the first time, the infinite-dilution
molecular diffusion coefficients of bitumen in hexane were measured in both the presence and relative absence of
asphaltene particles in the solution at atmospheric pressure and temperatures of 303.15, 310.15, and 317.15 K. The pol-
vdisperse nature of bitumen was clearly revealed. Results were compared with common predictive tools. Also, the
asphaltene surface charge in the hexane precipitating solvent was demonstrated. Through concentration dependency
investigations at atmospheric pressure and 303.15 K, it was determined that the mutual diffusion coefficients monotoni-
cally decrease as the viscosity of mixture increases within the studied 0-34% volumetric concentration of bitumen. The
Taylor dispersion technique shows great potential for diffusion studies of liquid solvent-bitumen systems. © 2014 Ameri-

can Institute of Chemical Engineers AICRE J, 60: 2670-2682, 2014
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Introduction

Steam injection for the mobilization of bitumen through
viscosity reduction is the current general practice that yields
a high rate of oil recovery. However, it consumes a great
deal of energy and water to produce steam, produces very
large amounts of carbon dioxide (CO,), and involves water-
related issues, such as limited supply and expensive post-
water treatment. Therefore, investigators are continually pur-
suing modifications to thermal recovery techniques. The
addition of a light solvent to steam is one such adaptation
that seems very promising. Solvents have long been used to
dilute the produced bitumen for transportation to an upgrader
or refinery. The novel idea is to inject a proper solvent with
steam to enhance viscosity reduction by dissolution in bitu-
men and, consequently causing in situ asphaltenes precipita-
tion and resulting in in situ upgraded bitumen.

The steady demand for petroleum products combined with
increasing concern about greenhouse gas emissions have
prompted numerous studies of solvent-assisted recovery of
bitumen or heavy oil in recent years. Thus, the solvent-
bitumen mass-transfer phenomenon has been investigated
more thoroughly in modeling and experimental studies. A
critical review of available literature in liquid solvent + bitu-
men/heavy oil systems has been presented by Ghanavati
et al.' The limited mutual diffusion coefficient data of liquid
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solvent + bitumen/heavy oil systems reported in the literature
suffer from experimental limitations and analysis procedure
difficulties that make their interpretation puzzling. Moreover,
when solvent is placed on top of bitumen/heavy oil in a stag-
nant diffusion cell, asphaltene precipitates at the interface,
forming a barrier that hinders the diffusion process. All these
shortcomings emphasize the necessity of using a new mea-
surement technique that would not be limited by practical
restrictions and, more importantly, by sensitivity to calcula-
tion procedures.

The first objective of this work was the determination of
the infinite-dilution mutual diffusion coefficient of bitumen in
n-hexane, as a typical n-alkane solvent, at several tempera-
tures, which to the best of our knowledge is not available in
the literature. Knowledge of infinite-dilution molecular diffu-
sion coefficients is crucial in qualitative description of the sol-
ute structure and quantitative description of the diffusion
process. For instance, knowing the infinite-dilution diffusion
coefficients of solute in solvent and solvent in solute and tak-
ing advantage of the thermodynamic behavior of the solution
under study, models can be used to find concentration-
dependent mutual molecular diffusion coefficients.” The Tay-
lor dispersion technique has been selected to achieve this
objective, due to its convenience and short run times.

The second objective was the evaluation of some common
predictive methods on the basis of the generated data.
Finally, the feasibility of the application of the Taylor dis-
persion technique to measure concentration dependency of
the molecular diffusion coefficient in our hexane-bitumen
system was targeted as the third objective.
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Figure 1. Schematic of Taylor dispersion peak-width
analysis (after Callender and Leaist).

Theory of the Experiments

In a Taylor dispersion experiment, a minute amount of
solute, called a pulse, is injected into a laminar carrier
stream of a slightly different composition of solvent flowing
in a long capillary tube. As the pulse travels through the
tube, it spreads out into a nearly Gaussian profile under the
combined actions of molecular diffusion and convection.’
The shape of the dispersed peak measured by an appropriate
detector, commonly at the end of the tube, is used to deter-
mine the molecular diffusion coefficient D from the disper-
sion coefficient K*

R*i?
48D

K=D+

)]

where R is the tube internal radius and # is the average
velocity of the laminar flow in the tube. It is noteworthy that
experimental conditions are usually designed such that the
first term in comparison to the second term in Eq. 1 can be
safely ignored (Taylor formulation for dispersionz).

The acquired dispersion profiles (refractometer voltages in
our work) can be analyzed using the nonlinear least-square
method based on the normal distribution equation, assuming
that the concentration and voltage are linearly correlated as

2
VE@)=VE+VE exp ( 0.5 (t atR) ) ©)
t

where VE is the peak height relative to the baseline voltage
V tr is the residence time, and o, is the peak variance in
tlme unit. In ideal Taylor experiments, the volumes of the
pulse and detector should be zero, and the mean and the
standard values obtained from the fitting procedure are cor-
rected for unwanted errors introduced by practically finite
volumes.’
Dispersion coefficient K is correlated to #;z and o, through
ZK’R, pr0v1ded that the distribution is spatially Gaussian
m the detector. Finally, the molecular diffusion coefficient
is calculated from the following simple, yet accurate equa-
tion (tolerance error of ~1%)’

Ry
24 g2

3)

The dispersion profiles can also be analyzed using the
peak-width technique8 to investigate the polydisperse nature
of the bitumen. In this technique, the molecular diffusion
coefficients are calculated according to®
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where / is any arbitrary fractional peak height and W), is the
subsequent peak width at & (see Figure 1).

In a monodisperse solution, D, does not vary with the
fractional height; however, it does vary in polydisperse solu-
tions. The maximum at the uppermost of the peak and the
minimum at the bottommost of the peak correspond to the
lightest and heaviest solutes in the injected sample,
respectively.

Since its introduction in 1953, the Taylor dispersion tech-
nique has become increasingly popular for measuring diffu-
sion coefficients in liquids, mainly due to its moderate
accuracy (~1%) convenient and short run times® and its
applicability in a wide range of temperature and pressure
conditions.'® Moreover, it conveniently recognizes concen-
tration dependency, due to the small concentration difference
between the pulse and its carrier, so that the molecular diffu-
sion coefficient can be considered constant in each experi-
ment. Finally, secondary effects caused by the heat of
mixing and molal volume changes are negligible; hence, the
diffusion coefficients measured via the Taylor dispersion
technique are the true constant Fickian diffusion
coefficients."!

Experimental
The apparatus

Essential elements of a setup operating on the principle of
the Taylor dispersion theory are a steady laminar carrier
stream flow, a noninterrupted solute pulse injection, a con-
stant temperature and pressure in the dispersion tube, and
detection of the dispersion profile (see Figure 2). A Quizix
double-cylinder pulse-free (QX-6000, Chandler Engineering)
pump assured a steady continuous flow within =0.1% of the
set flow rate. The pump rate accuracy and consistency were
checked through the measurement of pump effluent weights
at different time intervals and conversion of the mass values
into subsequent volumes through pertinent densities.

solute pulse

inj$tion

Water
Tank

recycled
carrier
solution

re-heater

piston-type
cylinders

horizontal
diffusion tube
>< \ J
Temperature-controlled Bath

pulse-free continuous flow
pump

Figure 2. Schematic of the Taylor dispersion apparatus:
BPR, back-pressure regulator; CT, connecting
tube; F, 0.5 micron in-line filter; PC, National
LabVIEW data acquisition system; RID, differ-
ential refractive index detector; TR, thermo-
regulator; 3WV, 3-way valve.
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As the solvents and solutions used were not compatible
with the pump sealings and valves, they were not injected
directly through the pump, as is the common practice in
high-performance liquid chromatography (HPLC). Instead,
solutions were injected through piston-type cylinders, with
water as the pushing fluid flowing through the pump. Of the
two cylinders, one was used as the backup or, in some runs,
as the container for the washing fluid (toluene and acetone).
In the injection system, two in-line 0.5 micron filters (TF
series, Swagelock) were used to avoid particle plugging in
the fine-bore capillary tubes, injection valve, and refractive
index detector. The in-line filters were periodically washed
using toluene and acetone to retain their performance.

In this work, natural polyether ether ketone (PEEK) tubing
was used as the diffusion tube (~9 m in length). Due to the
profound importance of the internal radius on the accuracy
of the diffusion measurement (note that the molecular diffu-
sion coefficient correlates with the second power of the inter-
nal radius, as demonstrated in Eq. 3), the internal volume of
the tube was found through the measurement of the weight
of the tube when empty and when filled with distilled water
of a known density. The required tube length was measured
accurately with a ruler with an accuracy of 0.05 cm.

Knowing the internal volume and length, the internal
radius could be determined accurately: it had a difference of
almost 7% from the nominal factory reported value. The dif-
fusion tube was wound in a smooth helical coil on an alumi-
num ring and placed horizontally to avoid any unwanted
convection into the temperature-controlled water bath
(Techne calibration), the temperature stability and uniformity
(<0.01 K) of which was precisely controlled through a
thermoregulator.

The diffusion tube was directly connected to a six-port
rotary liquid chromatography injection valve (Valco, C6-
1006) at its upstream end. The injection valve used continu-
ous flow technology, so that steady flow of the carrier fluid
was not interrupted when the flow path was changed at the
moment of the solute pulse injection. The injection valve
was dipped into the bath so that the solute slug and its car-
rier solution were at the same temperature when injected. It
was fitted with a sample loop of a nominal volume of 0.020
cm’, which was loaded via a syringe pump (Teledyne Isco,
500 D) and manually controlled through a custom-built
handle.

One meter of stainless steel capillary tube (0.158 cm or
commercially 1/16”) was used at the upstream end of the
injection valve as a preheater. The preheater quickly
increased the temperature of the carrier solution from the
laboratory condition to that of the experimental setup. This
allowed the temperatures of the solute already residing in the
dipped injection valve and its carrier solution to be equal at
the moment of injection. The equality in temperature was
important, as a temperature difference may have introduced
thermal expansion and thermal diffusion.

The diffusion tube was connected to the detector through
a connecting tube. The connecting tube length and inner
radius were carefully minimized to reduce unwanted disper-
sion as a result of the difference between the ambient and
experimental setup temperatures. This was particularly
important when the carrier stream exited the diffusion tube
at the experimental setup temperature and encountered ambi-
ent temperature before entering the detector at the setup tem-
perature again. The very low thermal diffusivity of PEEK
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Table 1. Physical Specifications of the Taylor Dispersion
Apparatus

914.00 = 0.05 cm
0.0537 = 0.0001 cm

Diffusion tube length
Diffusion tube radius
Connecting tube length 32.00 =0.05 cm
Connecting tube radius 0.0277 = 0.0001 cm
Coiling ratio 492
Injection volume 0.020 = 0.001 cm®
Detector cell volume 0.008 cm®

(typically 0.19 X 1072 cm?/s),'> which hindered carrier
stream heat dissipation before entering the detector, also
helped minimize the unwanted dispersion.

The time evolution of the concentration at the end of the
diffusion tube (connecting tube influence was negligible, as
previously discussed) was detected through a differential
refractive index detector (BI-DNC, Brookhaven Instruments
Cooperation). Both the sample and reference cells were ini-
tially flushed with the carrier phase. The reference cell was
then closed, and the carrier stream flowed only through the
sample cell.

The refractive index at a fixed wavelength depends only
on the density of the medium. This density is influenced by
temperature, pressure, and composition, all of which are con-
stant. Thus, the detector produced a constant zero voltage,
which served as the baseline voltage. When the injection
was made and the dispersed slug finally entered the sample
cell, the composition and, consequently, refractive index of
the sample cell content changed, generating a corresponding
voltage. The detector voltages were recorded by National
Instruments LabVIEW data acquisition system. The Lab-
VIEW software also documented the injection rate and pres-
sure of the Quzix pump and the temperature of the bath.

A 0.2 MPa (30 psi) back-pressure regulator (BPR) was
used downstream of the detector to avoid outgassing of the
solutions passing through it; otherwise, the baseline stability
of the detector was strictly violated. The common more effi-
cient techniques to avoid outgassing in HPLC included either
sparging of the solvent container continuously with helium,
as the solvent is withdrawn through the pump, or using an
in-line degasser before the pump. These methods were not
applicable in our setup because the solvent was not injected
directly through the pump, but through piston cylinders.

Finally, a three-way valve was used to recycle the carrier
stream when the detector signal was not yet stable and,
hence the system was not ready for solute injection. Depend-
ing on the solution type, 300-500 cm® of the carrier stream
was injected prior to baseline stability. At the moment of
injection, the carrier stream was diverted into a waste con-
tainer. The physical specifications of the setup (see Table 1)
were selected so that the flow rates, anticipated molecular
diffusion coefficients, and conditions for the utilization of
simple Eqs. 3 and 4 were easily met.’

The following inequality for the Peclet number Pe had to
be met with each run’

iR oR\ *°
< =< -
700 < Pe=—- < (5 DR) (5)

where v is the kinematic viscosity and R, is the coil radius.
The Pe lower bound avoided axial diffusion influence (Tay-
lor dispersion formulation), while the upper bound avoided
secondary coil flow by manipulating the criterion
De*Sc <20,° where De and Sc are the Dean and Schmit
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numbers, respectively. In practice, the experiments were
repeated for each molecular diffusion coefficient measure-
ment at several rates (starting from the rate obtained from
Eq. 5) to find the diffusion coefficient that was independent
of velocity and, hence, free from coil flow.

Another upper limit for the Peclet number ensured that the
skewness parameter of the normal distribution curve was
negligible, as the mixing zone passed through the recording
point, regarding the strict criterion proposed by Erkey and
Akgerman’

iR L
Pe="1 < 0.048( = 6
““ D= (R) ©®

where L is the length of the diffusion tube. Of the two upper
limits for the Peclet number, the more stringent one was
utilized.

For the solute, the first condition was a J-pulse injection,
so that the volume ratio of the pulse to the diffusion tube
was less than 0.01."* The solute slug composition was also
slightly different from the carrier composition, for example,
0.5 g/dm>."* This condition assured the recorded voltage and
concentration were linearly related, allowing for the analysis
of the detected dispersion profile to be practical and
convenient.

To test the reliability of our Taylor dispersion apparatus,
molecular diffusion coefficients of urea in an aqueous urea
solution of 0.248 molar were measured at several flow rates
and a temperature T of 298.15 K; and the results were com-
pared with accurate values from the literature.'” The mean
and standard values obtained from the fitting procedure were
corrected for unwanted errors introduced by the finite vol-
ume of the pulse and detector, so that the corrected molecu-
lar diffusion coefficients could be determined.’

The corrected molecular diffusion coefficients differed
from the uncorrected ones by no more than 0.7%, assuring
that the volume of the pulse and detector were reasonably
negligible. Considering this small error found in reliability
runs, the correction procedure did not seem necessary for the
hexane-bitumen systems, particularly given that the molecu-
lar diffusion coefficients necessary for correction terms were
also unknown. This check showed that our setup measure-
ments were accurate within 1-2%, provided the more con-
servative criterion of De’Sc < 10.527 was met, which
ensured that the diffusion coefficients in the hexane-bitumen
systems were not influenced by the coil flow.

With confirmation of the reliability of the setup, the Tay-
lor dispersion technique was applied to measure the molecu-
lar diffusion coefficients of the hexane-bitumen systems in
three different sets of experiments:

e Type A experiments investigated the infinite-dilution
mutual diffusion coefficient (D°5,) of the unfiltered
bitumen solution in hexane.

e Type B experiments examined the concentration
dependency of the mutual diffusion coefficient for unfil-
tered hexane-bitumen mixtures.

e Type C experiments investigated the infinite-dilution
mutual diffusion coefficient of the filtered bitumen solu-
tion in hexane as a function of temperature.

A pure solvent like hexane was selected because of its
potential application in solvent-bitumen/heavy oil recovery
processes, its known structure, its reasonable price, and its
relatively high boiling point temperature at near the atmos-
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pheric pressure. The hexane used in experiments was 99.5%
HPLC grade from a Merck KGaA provider. The solute
selected was MacKay River bitumen, with an estimated
molecular weight of 512.5+6.9 g/gmol. The density and
viscosity properties of pure bitumen and hexane-bitumen
mixtures are reported in the Appendix.

Experimental procedure

To prepare infinite-dilution solutions with bitumen as the
solute, a tiny amount of bitumen (~0.05 g) was added to a
77 ¢cm® container of hexane to give a solute concentration of
about 0.001 mol/dm®. Upon mixing, large asphaltene par-
ticles were formed and precipitated (note that hexane, as are
other n-alkanes, is a bad precipitating solvent that cannot
suspend asphaltene particles). In the Type C experiments,
homogeneous solutions were required; therefore, the mixture
was filtered through a Millipore GSWP filter with a nominal
pore size of 0.22 pum to remove the suspended particles sized
more than 0.22 pm. No filtration was used in the Type A
and B experiments.

In the concentration dependency experiments (Type B),
different concentrations of hexane-bitumen solutions were
prepared gravimetrically. The maximum volumetric concen-
tration of bitumen tested was around 34%, above which the
solutions were too opaque for the detector. The concentration
difference between the carrier stream and the solute was
minimized to values distinguishable with the detector, so
that a reliable dispersion profile was measured.

In all three types of experiments, the sample loop (0.020
cm’) of the injection valve was rinsed several times with the
prepared solutes. The loaded solute was injected into the car-
rier stream of the solvent only when the temperatures of
detector and the bath enclosing the diffusion tube, the injec-
tion pressure and rate were stable and the baseline had been
constant within a =4 mV tolerance during the 2-h period
prior to the injection. All experiments were carried out at
BPR’s set pressure of 0.2 MPa.

To start the experiments and set the injection rate for the
first series of experiments (Type A, infinite-dilution case), an
estimate of the mutual diffusion coefficient was required to
determine the proper Peclet number. Due to the absence of
infinite-dilution diffusion coefficient data for bitumen solute
in the literature, the Stokes-Einstein equation'® was used to
find an estimate of the diffusion coefficient, from which the
initial set rate was selected. The experiment was repeated at
several rates to investigate the secondary coil flow effect.
For each single flow rate, four slugs were usually injected.

Results and Discussions

Infinite-dilution mutual diffusion coefficient of
unfiltered bitumen solution in hexane (type A
experiments)

Following the procedure described previously, the diffu-
sion coefficient of the infinite dilution of an unfiltered bitu-
men solution in hexane at 303.15 £0.01 K was measured.
The initial rate of 0.035 cm’/min estimated from the Stokes-
Einstein equation'® was lowered by almost 30% to ensure
the coefficients were not under the centrifugal effect of coil
flow.

A typical fitting analysis is demonstrated in Figure 3. For
the sake of brevity, analyses of other dispersion profiles are
not shown, but the results are summarized in Table 2. It
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Figure 3. Typical dispersion profile for diffusion of infi-
nite dilution of unfiltered bitumen solution in
hexane (T =303.15 K): experimental data (A)
fitted with Eq. 2 (---).

should be noted that some of the dispersion profiles (6 out of
30) were very thin, resulting in surprisingly high diffusion
coefficients, even greater than the molecular self-diffusion
coefficient of the solvent hexane. However, as those thin dis-
persion profiles could not be justified with any theory, they
were considered to be caused by a band of suspended par-
ticles that were pumped through the diffusion tube like a
wad.* Hence, they were not considered as Taylor dispersion
profiles and are not reported here.

As can be seen from Table 2, while the correlation fitness
parameter assured a normal distribution for all the dispersion
profiles, the molecular diffusion coefficients covered a wide
range. This was most likely due to random forming and deform-
ing of asphaltene clusters, resulting in different aggregate sizes
and, hence, different mutual diffusion coefficients. To recognize
this size dependency of the molecular diffusion coefficient, the
measured diffusion coefficients were considered as apparent val-
ues. The average of the apparent infinite-dilution diffusion coef-
ficients of bitumen in hexane was 1.59 +0.14 X 10> cm?/s,
where 0.14 was the standard deviation of the data.

In addition, the peaks were analyzed through the peak-
width analysis procedure.8 The analysis for the data shown in
Figure 3 is demonstrated in Figure 4, where £ is the fractional
peak height and D, is the corresponding diffusion coefficient.
Considering the graph in Figure 4, one can see that the diffu-
sion coefficient ranged from 1.21 X 107> to 1.56 X 1077
cm?/s (~30% difference). For some other peaks, this differ-
ence was as high as 50%. This wide range of diffusion coeffi-
cients emphasizes the polydisperse nature of bitumen solute,
where species with completely different sizes and shapes par-
ticipate in the diffusion process through the solvent. Hence, as
stated previously, the reported value for the diffusion coeffi-
cient should be considered as an apparent value.

Concentration dependency of molecular diffusion
coefficient for unfiltered hexane-bitumen mixtures
(type B experiments)

The first concentration-dependent experiment (7.5% by
volume of bitumen in the solution) did not involve any chal-

“Leaist DG, private communications, 2012.
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Table 2. Summary of Runs for Measuring Mutual Diffusion
Coefficients of Infinite-Dilution of Unfiltered Bitumen Solu-
tion (1) in Hexane (2) at 303.15 K

Correlation Fitness

] (cm®/min) Parameters (R%) D?2>< 10° (cm?/s)

0.035 0.9944 1.37
0.9966 1.63
0.025 0.9905 1.55
0.9906 1.56
0.9876 1.69
0.9990 1.76

lenges, and the peaks showed a Gaussian distribution, as pre-
sented in Table 3. Consequently, the calculated molecular
diffusion coefficients were close to each other. However, as
the bitumen concentration increased the peaks departed from
a Gaussian distribution at the trailing edge, most probably
due to higher suspended asphaltene particles (Figure 5). As
the colloidal solution entered the flow cell of the detector, it
faced less shear stress due to the cell’s larger cross section
than that of the capillary tube; hence, the suspended asphal-
tene particles settled down while the colloidal solution left
the flow cell. As the particles settled down, the refractive
index of the colloid passing through the cell changed sharply
due to density changes, resulting in the peak’s nonuniform
trailing edge.

Another challenge of the more concentrated solutions was
that the analysis of their pertinent dispersion profiles yielded
different mutual diffusion coefficients depending on the con-
tent of suspended particles in the colloidal solution. For
instance, with a bitumen concentration of 18.2% in hexane,
the mutual diffusion coefficient of 1.40 X 107> cm?/s was
approximately as high as the infinite-dilution diffusion coef-
ficient of 1.59 X 10> cm?/s (see Table 2).

At higher concentrations of bitumen, the asphaltene par-
ticles had more opportunities to collide and form bigger
clusters, which presumably settled down into the path. This
assertion can be justified by the lower pressure drops for the
higher concentrated solutions than the less concentrated solu-
tions, proving that the solution being pumped was less vis-
cous due to the lower content of suspended particles. It
should be noted that this settling process continued until the

1.6E-05 °
® o0 X J L .A ®e
° )
i ]
1.5E-05 i °
)
2 I . ~30%
§ 14E-05 |
- °
13E-05 |
r 4
12605 L@ .. : : 2
0 0.2 0.4 0.6 0.8 1
Fractional peak height, h
Figure 4. Typical molecular diffusion coefficients

against the fractional peak height for diffu-
sion of infinite dilution of unfiltered bitumen
solution in hexane (T = 303.15 K).
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Table 3. Summary of Runs for Measuring Apparent Molecu-
lar Diffusion Coefficient of Unfiltered Hexane-Bitumen Mix-
tures at 303.15 K

Bitumen Volume O (Flow Rate) Correlation Fitness D X 10°

in Mixture (%) (cm*/min) Parameters (R?) (cm?/s)
7.5 0.035 0.9966 1.23
0.9974 1.23
0.050 0.9966 1.18
0.9968 1.20
18.2 0.025 0.9789 1.4
0.9774 1.21
0.9774 0.999
0.9767 0.970
0.035 0.9718 1.07
0.9822 0.882
0.025repeated 0.9766 0.876
0.9764 0.904
33.6 0.025 0.9540 0.472
0.9780 0.373
0.9545 0.466
0.9783 0.397

path was completely blocked by the settled particles and the
pressure built up sharply. The more concentrated solutions
often encountered a plugging problem, as one would expect.
The plugging problem changed the pressure abruptly, result-
ing in sharp changes in the refractive index of the medium
and, hence, the unreliability of the measured dispersion pro-
file. This condition created a risk of detector failure, as the
detector flow cell could withstand a pressure of no more
than 0.7 MPa.

With all these difficulties, only the more reliable peaks
were considered for the analysis reported in Table 3. Their
average of the apparent mutual diffusion coefficients (D) are
reported in Table 4. It is worth noting that, for the bitumen
volume concentration of 18.2%, only four mutual diffusion
coefficients of 1.07, 0.882, 0.876, and 0.904 (X10° cm?/s)
were considered as the injection pressure in their relevant
experiments were more stable compared to the initial experi-
ment with flow rate of 0.025 cm®/min.

The concentration dependency of the molecular diffusion
coefficient could not be investigated for more than almost
one third of the whole concentration range, due to the opac-

120
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Figure 5. Typical dispersion profile for an 18.2% volu-
metric concentration of unfiltered bitumen-
hexane mixture (T =303.15 K): experimental
data (A) fitted with Eq. 2 (---).
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Table 4. Average of Apparent Molecular Diffusion Coeffi-
cient for Unfiltered Hexane-Bitumen Mixtures at 303.15 K

Bitumen Volume Standard Average

in Mixture (%) Deviation of Data D X 10° (cm?/s)
0 (infinite dilution) 0.14 1.59+0.14
7.5 0.02 1.21 +0.02
18.2 0.015 0.933 = 0.092
33.6 0.050 0.427 = 0.050

ity of the solutions at higher bitumen concentrations. How-
ever, one can see from Table 4 that there was a clear
remarkable declining trend for the apparent molecular diffu-
sion coefficients as the bitumen concentration and subse-
quently mixture viscosity increased. This observed trend
clearly contradicts the counterintuitive trends found by some
researchers, such as Oballa and Butler,!” and the absence of
concentration dependency by Zhang and Shaw'® as discussed
in Ghanavati et al.'

In the Taylor dispersion analysis used in this work, the
molecular diffusion coefficients at different concentrations
were readily obtained from Eq. 3. However, in other techni-
ques, the molecular diffusion coefficient cannot be consid-
ered as a constant for the designed experiments and, thus,
the analysis would be more complex and demanding, intro-
ducing unwanted errors in the concentration dependency
trends.""? Therefore, the results demonstrated here are free
from inherent analysis error involved in other analysis tech-
niques and can be considered as the actual physical behavior
of the system.

The molecular diffusion coefficients as a function of the
volumetric concentration of bitumen are plotted in Figure 6
without any data smoothing, which is a routine procedure in
in situ concentration measurement techniques.”’18 It can be
seen that the apparent hexane-bitumen mutual diffusion coef-
ficients were neatly correlated to the volumetric concentra-

tion of the bitumen through an exponential decay
relationship, as given by
D(C)=2x10"%exp (~0.04XC, g, ) (7)

where D is the molecular diffusion coefficient in cm?/s and
Cpyv% 1is the volumetric concentration of bitumen in the
mixture as a percentage. It is worth noting that the measured

25
®  Experimental Data
R?=10.9769
2
@ 15 '?\\\\
g i \\.\
> [ RN
> Tr ~._ @
= \\\\\
05 T
0 L L n 1 n 1 1 n n n 1 n 1 n n 1 I n 1 n
0 10 20 30 40

Bitumen concentration in mixture , Vol.%
Figure 6. Concentration dependency of the mutual dif-
fusion coefficient for unfiltered hexane-
bitumen mixtures at 303.15 K.
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Figure 7. Relationship between the mutual diffusion
coefficient and the viscosity in an unfiltered
hexane-bitumen system at 303.15 K when
plotted in a log-log scale.

diffusion coefficients could have also been correlated to the
volumetric concentration of bitumen through a linear rela-
tionship with slightly better correlation fitness parameter of
R?>=10.9877. However, such a linear relationship underesti-
mates the mutual diffusion coefficients at higher bitumen
concentrations such that the diffusion coefficient will be neg-
ative after volumetric bitumen concentration of around 67%,
which is unrealistic.

Although it cannot be guaranteed that the same correlation
found for only one third of the concentration range can be
used to the whole range, one can get an indication of the dif-
fusion coefficients at higher concentrations, using extrapola-
tion of the experimental data. For instance, one can find an
estimated value of 4.5 X 10~ cm?/s for the infinite dilution
of hexane in bitumen when the bitumen concentration is
100%, which is in the same order of 7.81 X 107’ cm?/s
reported by Guerrero-Anoncha et al.' for a hexane-heavy
oil system at 298.15 K. It is stressed that the contribution of
this part of our work is not the values themselves, but the
obvious decreasing trend of the diffusion coefficient with
increased bitumen concentration. This trend is in line with
the theory, as well with the experimental observations
reported by Guerrero-Anoncha et al.'? for the heavy oil con-
centration range of 20-100%, where they used an X-ray
computed tomography in situ measurement technique and
analyzed the measured concentration profiles through the
slope-intercept approach.?’%!

To find a relationship between the diffusion coefficient
and the viscosity (p), mutual diffusion coefficients were also
plotted in a log-log scale vs. the experimentally measured
viscosities of the solutions (Figure 7 and reported in the
Appendix). Within the concentration range studied, a clear
exponential trend is observed as given by

D %% =cons (8)

Fascinatingly, Hiss and Cussler’” found the viscosity
power as 2/3 (0.6667) for infinite-dilution molecular diffu-
sion coefficients of hexane and naphthalene in a series of
hydrocarbons with a viscosity range of 0.5-5000 mPa s.

Once again it is emphasized that the correlation obtained
over a limited concentration range, corresponding to a vis-
cosity range of almost one order of magnitude (0.281-2.15
mPa s), cannot be extrapolated over the whole viscosity
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range of 0.281-71912 mPa s. Moreover, the impeding effect
of viscosity on diffusion used through its power is reduced
at higher viscosities, such that, according to Cussler,16 in
extremely high-viscosity materials, diffusion becomes almost
independent of viscosity like the diffusion of sugar in jelly,
which is very nearly equal to the diffusion of sugar in water.
Thus, the obtained power of 0.63 would be lower at higher
concentrations of bitumen. It would be challenging, yet fas-
cinating, if the viscosity dependency of molecular diffusion
coefficients over almost five orders of magnitude of viscosity
change (0.281-71,912 mPa s) could be determined.

The consideration of thermodynamic concentration depend-
ency models was intended for the prediction of the obtained
values. However, to do so, infinite-dilution molecular diffu-
sion coefficients at two concentration extremes are required.
In our case, only the infinite-dilution mutual diffusion coeffi-
cient of bitumen in hexane was measured; and the value for
the infinite-dilution molecular coefficient of hexane in bitu-
men was not available. Moreover, for the determination of
the thermodynamic correction factor, either the activity coef-
ficient or the fugacity is required, both of which require some
accurate input data; however, these data are unfortunately not
available for a complex system like bitumen. Although esti-
mations are available in the literature for the determination of
some of the input data, such as critical properties in the tun-
ing of an equation of state, accurate characterization of the
bitumen is necessary, which was not available in our case.

It should be noted that the experimental conditions of
303.15 K and 0.2 MPa (almost atmospheric conditions) were
selected, so that measured data could be compared with data
reported in the literature. Otherwise, the experiments could
have been carried out at higher temperatures and/or pres-
sures. The limited concentration range in our work (almost
one third of the whole range) can be eliminated by the selec-
tion of a more suitable and, of course, more expensive detec-
tor than the refractive index detector. For instance, detectors
using infrared light can penetrate through opaque solutions,
such as those in our experiments, and provide the capability
of scanning the whole concentration range.

It is worth noting that higher bitumen concentrations and,
hence, higher viscosities caused higher pressure drops in the
tiny capillary tubes, which can be easily overcome by running
the experiments at the high temperatures that are common in
the thermal recovery of bitumen. An extremely high viscosity
of 71912 mPa s at 303.15 K is reduced by four orders of mag-
nitude to 7.2 mPa s at 465.15 K (see Eq. A1l in the Appendix).

Infinite-dilution molecular diffusion coefficient of
filtered bitumen solution in hexane as a function of
temperature (type C experiments)

The mutual diffusion coefficients of the infinite dilution of
bitumen in hexane were also measured when the solutes were
filtered (homogeneous mixture). Experiments were conducted at
three temperatures, and the results are summarized in Table 5;
and the average values of the apparent diffusion coefficients,
along with their standard deviations, are reported in Table 6. A
comparison between these results and those obtained from unfil-
tered mixtures shows that there was a better correlation when
the mixtures were filtered: a lower degree of variation from the
mean exists among these data, compared to the standard devia-
tion of =0.14 reported in Table 4 for unfiltered solutions.

The apparent diffusion coefficients (average values) are
plotted vs. the absolute temperature in Figure 8§,
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Table 5. Summary of Runs for Measuring the Infinite-
Dilution Molecular Diffusion Coefficient of Filtered Bitumen

Solution (1) in Hexane (2) at Three Temperatures

0 Correlation Fitness  D{,Xx10°

Temperature (K) (cm>/min) Parameters (R?) (cm?/s)
303.15 = 0.01 0.018 0.9989 2.09
0.9991 2.08
0.9997 2.16
0.9995 2.13
310.15+0.01 0.018 0.9995 2.55
0.9991 2.57
0.9997 2.52
317.15+0.01 0.018 0.9993 2.95
0.9979 2.84
0.9989 2.79
0.9953 2.93

demonstrating a linear trend as expected from the Stokes-
Einstein equation.'® However, with this limited temperature
range, our intention was not the generalization of the temper-
ature dependency, but the practical demonstration of the flex-
ibility of the Taylor dispersion technique to run the
experiments at different temperatures.

As before, the peaks were analyzed through the peak-
width analysis procedure,® as shown in Figure 9. In the fig-
ure, one can see the diffusion coefficient variation of around
12%, which is not surprising for a solute like bitumen, which
consists of components with different sizes and molecular
weights. The ranges varied between 10 and 15% for all other
peaks at different injections and temperatures. This range
was narrower than the 30-50% obtained for the unfiltered
solutions, due to filtration of larger particles. The narrower
range implies that the remaining suspended asphaltene par-
ticles of less than 0.22 pum (the filter size used to filter the
solution) after filtration did not aggregate to form larger
asphaltene clusters, as either they were not thermodynami-
cally forced to or they did not have enough time (kinetics
issue). Otherwise, the range would have been wider, due to
the clusters’ larger size and molecular mass.

To analyze the measured data quantitatively, the most
common predictive tools according to Poling et al.** along
with the less common predictive tool of Fedors®* were tabu-
lated and are presented in Table 7, so that they could be
readily compared. It should be recalled that in formulations,
index 1 refers to solute while index 2 refers to the solvent.
Before proceeding with calculations, it is necessary to dis-
cuss how the required parameters of the correlations were
found.

As it can be seen in Table 7, the very first parameter
required in almost all formulas is the molar volume V,,,
defined as Vj; = M/p where M is the molecular mass and p
is the density. The molar volume usually needs to be calcu-
lated at the normal boiling point of the substance, as in the
Wilke—Chang,” Tyn—Calus,”® and Hayduk—Minhas®’ corre-
lations. The normal boiling point of a pure substance like

Table 6. Average of the Apparent Molecular Diffusion Coef-
ficients for the Infinite Dilution of the Filtered Bitumen Solu-
tion (1) in Hexane (2) at Several Temperatures

Standard Deviation Average
Temperature (K) of Data D?ZX 10° (cm?/s)
303.15 £ 0.01 0.04 2.12+0.04
310.15 £ 0.01 0.03 2.55+0.03
317.15+£0.01 0.08 2.88 +0.08
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Figure 8. Apparent diffusion coefficient (average val-
ues) of the infinite dilution of filtered bitumen
solution in hexane vs. temperature.

hexane is a readily available fixed value, however, it is nei-
ther readily available nor a constant value for bitumen, due
to its composition of different components. For instance,
four boiling cuts of 798.15, 848.15, 898.15, and 948.15 K
have been reported for Athabasca bitumen.”® In the absence
of data for Mackay River bitumen and due to its molecular
mass similarity to Athabasca bitumen, the same boiling
points as Athabasca bitumen were considered for Mackay
bitumen.

The densities at the required temperatures were evaluated
through the obtained temperature-dependency correlation of
the available measured densities in the temperature range of
303.15-333.15 K (see Eq. A2 in the Appendix). For the
molecular mass of bitumen, the reported yet uncertain value
of 512.5 g/gmol was used in the molar volume formula. If
one asserts molecules are spherical and uniformly packed
beside each other, a good estimate of the molecular size can
readily be found as V,, = 4/3 RN A, Where R is the radius
of the molecule and N, is the Avogadro’s constant. With the
application of this procedure, the average radii (with respect
to the three temperatures) of 3.75 X 107'" m and 6.24 X

2.25E-05
2.20E-05 |

215605 | )

D,, cm?%/s

2.10E-05 [ °
° ~12%

2.05E-05 [ °

2.00E-05 |

1.95E-05 L . . . .
0 0.2 0.4 0.6 0.8 1

Fractional peak height, h
Figure 9. Typical molecular diffusion coefficients vs.
the fractional peak height for diffusion of
infinite dilution of filtered bitumen solution in
hexane (T = 303.15 K).
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Table 7. Predictive Tools Used to Evaluate the Measured Diffusion Coefficients of Infinite Dilution of Bitumen in Hexane

Predictive Tool Formula

Remarks and Required Data

Stokes-Einstein'® DO = _keT
12 Ry

Wilke and Chang25 DO =7.4%10°8 (d)MKZ:)./zT
C Vi ke
Tyn and Calus?® Do =3 93><10_8@1 0 0.15

o T e \n
Hayduk and Minhas?’

Fedors?* 0\ /2 1/2
DY, (Vi =%) " =Dn (VG2 —Vir2)

D?z 133X lo,gv&ﬂ_ﬂ ‘uglo.z/v,w_l ~0790) 147

p = 6 if solute size is far bigger than solvent size,
otherwise either 4 or 2
Molar volume of solute evaluated at its normal boiling point

Molar volumes of both solute and solvent and their surface
tensions evaluated at their normal boiling points
Molar volume of solute evaluated at its normal boiling point

Critical volumes of both solute and solvent, molar volume
of solvent, and molar volume of solute in solution at infinite
dilution and molecular selfdiffusion coefficient of solvent all
evaluated at experiment temperature

107" m were obtained for hexane (R,) and bitumen (R;)
molecules, respectively. It is worth mentioning that the cal-
culated value for the bitumen molecules is basically an appa-
rent radius, due to the various molecules present in bitumen
structure. The reported sphere-equivalent diameter for
asphaltene monomers is approximately 1.5 X 107° m and
around 6 X 10~? m for small asphaltene clusters.” For hex-
ane, the calculated radius matches well with the result of the
empirical correlation that Robinson and Stokes®® proposed
for paraffins (3.67 X " m).

The other requirements are the surface tensions of the sol-
ute and solvent for the Tyn—Calus correlation.”® To the best
of our knowledge, such data do not exist for the bitumen.
Moreover, given the small power of 0.15 for the surface ten-
sion ratio, it can be safely ignored. This assumption can be
further justified, as most organic liquids at normal boiling
point have similar surface tensions, according to Poling
et al.?

Except for the molecular self diffusion coefficient of the
hexane solvent, which is readily available,>"*? the other
requirements for the Fedors correlation®® are demanding.
Finding the critical volume for a multicomponent solute like
bitumen is difficult. This is especially challenging when the
concentration distribution of the bitumen components upon
mixing with solvent changes, due to asphaltene precipitation.
We used the rough value of 1543 cm’/mol, as reported by
Johnson for Athabasca bitumen.*

No data are available for the molar volume of bitumen in
a hexane solution at infinite dilution or the bitumen partial
molar volume in hexane, D(l’. In the absence of data, Fedors>*
suggested using the molar volume of the pure solute itself
when it is not mixed with solvent. In our case, this value for
bitumen solute was approximately 512.5 cm®/mol. Nikooyeh
et al>* recently reported the partial volume of Athabasca
n-pentane asphaltenes in hexane as 0.84 cm3/g. However,
due to the wide range of asphaltene molecular weight
reported in the literature and also large uncertainty involved
in relating the partial volume of Athabasca asphaltene to the
partial molar volume of the MacKay bitumen, Fedors’** rec-
ommendation was considered to be more reasonable.

All the input parameters for the predictive tools were pre-
pared; however, the normal boiling point of MacKay bitu-
men was uncertain. The molecular diffusion coefficients at
different values of molar volumes corresponding to different
normal boiling points (798.15, 848.15, 898.15, and
948.15 K) were calculated and compared to experimental
measurement data. The normal boiling point of 798.15 K
was selected as the proper normal boiling point as it pro-
duced the least prediction error for the diffusion coefficient.
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The ultimate estimated values of all predictive tools were
compared with the measured data in our work, as depicted in
Figure 10. The single measured data of the unfiltered solu-
tion are also included in the figure. The error analysis of pre-
dictive tools is shown in Table 8. Before the performance
assessment of the used predictive tools, it is worth noting
that solutes, even in the second case of prefiltration, are not
actually homogeneous. The used filter was very fine (0.22
pm = 2200 X 101 m); however, it could not filter all the
suspended asphaltene monomers and clusters in the solution,
as some were in the range of 1.5-6 X 10°° m,29 which was
far finer than the filter pore size. Therefore, strictly speaking,
the diffusion process in our study was diffusion in a colloi-
dal medium. In this case, depending on the conditions, the
diffusing particles may interact with each other and the sol-
vent, which is very challenging. The interaction of the dif-
fusing particles with the solvent and not with each other can
be modeled in current predictive tools. The hint stated here
is to rationalize our expectation from the predictive tools,
which are basically developed for homogenous solutions.

A general overview of the results for the filtered bitumen
solution shown in Figure 10 and Table 8 reveals the very
poor prediction of the Tyn—Calus’ correlation®® and the
Stokes-Einstein equation (ff =2).'® The standard Stokes-
Einstein equation (f=6),'"° and Hayduk-Minhas*’ and
Wilke—Chang® correlations had similar prediction perform-
ances. In terms of accuracy of the predictive tools, surpris-
ingly the commonly recommended Tyn—Calus’ correlation,?®
as in Poling et al,? appeared to be the least successful,

—@— Exp. filtered solution

6 Tyn-Calus (1975) —&— Exp.unfiltered solution
Stokes-Einstein, p=6

—— Stokes-Einstein, =4

smkes-\i’msm'\n, p=2

—#— Stokes-Einstein, p=2

—6— Wilke-Chang (1955)

Dx105, cm¥/sec

3 F Fedors (1979)
Filtered -

—+— Tyn-Calus (1975)

—%— Hayduk-Minhas (1982)

ok Minhas (1982) ¢ Stokes Einstein P24

Stokes-Einstein, p=0 —6— Fedors (1979)

‘}
Wilke-Chang (1955)

300 305 310 315 320 325
Temperature, K

Figure 10. Measured mutual diffusion coefficient of the
infinite dilution of bitumen solution in hex-
ane compared with common correlations.
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Table 8. Error Analysis of the Used Predictive Tools in the Evaluation of the Measured DY,

Error of Prediction (%)

Stokes-Einstein'®

Temperature (K) p=6 p=4 =2 Wilke~Chang® Tyn—Calus® Hayduk—Minhas®’ Fedors®*
Filtered bitumen solution

303.15 -36.5 —4.7 +90.6 —27.4 +151.6 —-23.9 —1.1
310.15 —42.3 —134 +73.2 —34.0 +129.00 =31.1 —-6.3
317.15 —44.1 —16.2 +67.6 -36.0 +121.9 —335 —5.8
Average error (%)

310.15 —41.0 —114 +77.1 —32.5 +134.2 —29.5 —4.4
Unfiltered bitumen solution

303.15 —15.5 +26.8 +153.5 -35 +234.7 +1.2 +31.5

while the least-recognized Fedors’ correlation®* seemed to
be more accurate for our particular colloidal system, fol-
lowed by the Stokes-Einstein equation'® with = 4.

For the unfiltered bitumen solution, the Hayduk—Minhas
correlation®’ had far better prediction results than the Fedors’
correlation.”* However, the satisfactory prediction of the
simple homogeneous-based Hayduk—Minhas correlation®’ for
the unfiltered solution, which was rich in suspended par-
ticles, appears to have just been accidental. Therefore, our
discussion is focused on the performance of the predictive
tools for the more homogeneous filtered solution.

The very important point that can be ascertained from the
results for the filtered bitumen solution shown in Figure 10
and Table 8 is that all correlations, excluding the very poor
predictive tools of the Tyn—Calus’ correlation®® and the
Stokes-Einstein equation (ff = 2),'®  underestimated the
molecular diffusion coefficient. This appears unusual, as one
would expect overestimation of values predicted by correla-
tions that were developed on the basis of diffusion in homo-
geneous solutions, but were used for colloidal solutions full
of suspended particles.

Scalettar et al.>> modeled experimental data of protein dif-
fusion and showed that mutual diffusion in such colloidal
systems was inhibited by attractions, but enhanced by repul-
sions. This is even more fascinating if one considers that
asphaltene particles have been found to be positively charged
in polar and nonpolar solvents, such as nitromethane®**” and
toluene,**4° respectively. The stability of asphaltene par-
ticles in polar solvents has also been correlated reasonably to
the electrostatic repulsion between such particles in these
low dielectric constant media.*®

Asphaltene particles have been recognized to have surface
charges.*'™ Although hexane is a nonpolar solvent, our
measured molecular diffusion coefficients were higher than
the predictions, which could have been due to some kind of
electrostatic repulsion between asphaltene particles. If so,
our results provide new experimental evidence of the surface
charge of asphaltene particles in a bad precipitating solvent

like hexane. It is worth noting that the presumably electro-
static repulsion between charged asphaltene particles could
not have influenced diffusion considerably when there were
substantial collisions amid large asphaltene particles in the
unfiltered solution.

To analyze the predictive behavior of the Stokes-Einstein
equation,'® the investigation of the molecular size and shape
of the solute and solvent is crucial. First of all, the assump-
tion of a spherical shape for complex bitumen molecules,
which is the principal basis for derivation of this equation, is
very simplistic. Also, except for large asphaltene monomers
and clusters, the molecular size difference between the bitu-
men solute and the hexane solvent (6.24 X 107 m vs. 3.75
x 10710 m) is not considerable. According to Chen et al., ¥
solute molecules should be five times larger than solvent
molecules for the application of the standard Stokes-Einstein
equation.'®

Finally, bitumen as a polydisperse solute is composed of
different molecules with different sizes and shapes. This
variety causes a wide range of diffusion coefficients, as
clearly demonstrated with the peak-width analysis shown in
Figures 4 and 9. It seems reasonable to assume that, among
the many constituent particles in bitumen, some molecules
are big and spherical enough so that their diffusion can be
modeled via the Stokes-Einstein equation.'®

In fact, through the comparison of the performance of the
standard Stokes-Einstein equation (ff = 6)'¢ for the measured
data of the unfiltered and filtered solutions at 303.15 K (i.e.,
the average error of —15.5% vs. —41.0%, respectively, in
Table 8), a better prediction was provided when more suspen-
sions were present in the system. This was likely due to pres-
ence of bigger particles when the solution was not filtered
and, hence, met more appropriately the assumption behind the
standard Stokes-Einstein equation.'® Electrostatic repulsion
forces are also weaker in the presence of bigger particles.
With the filtered solution, the large particles were filtered out
and smaller molecules diffused into the solvent, the assump-
tion of R{/R,>5 was violated; hence, the standard Stokes-

Table 9. Sensitivity Analysis of the Bitumen Critical Molar Volume in the Fedors’ Correlation**

Sensitive Parameter Basis

Prediction Error (%)

Temperature (K) V,E, (cm*/mol) Probable Error in Sensitive Parameter (%) Individual Average
303.15 1543 -25 25.0 +20.9

310.15 18.5

317.15 19.2

303.15 +25 —15.7 —18.5

310.15 —20.1

317.15 —19.7
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Table 10. Sensitivity Analysis of the Bitumen Partial Molar Volume in Hexane in the Fedors’ Correlation**

Sensitive Parameter Basis

Prediction Error (%)

Temperature (K) D‘f (cm®/mol) Probable Error in Sensitive Parameter (%) Individual Average
303.15 512.2 =25 —6.8 -9.9
310.15 514.6 —11.7

317.15 517.0 -11.3

303.15 512.2 +25 +5.6 +2.2
310.15 514.6 +0.2

317.15 517.0 +0.7

Table 11. Sensitivity Analysis of Both the Bitumen Critical Molar Volume and the Bitumen Partial Molar Volume in Hexane
in the Fedors’ Correlation**

Sensitive
Parameter Basis
V. D? Prediction Error (%)

Temperature (K) (cm*/mol ™ 1) Probable Error in Sensitive Parameter (%) Individual Average
303.15 512.2 1543 -25 +14.1 +10.3
310.15 514.6 +8.2

317.15 517.0 +8.7

303.15 512.2 +25 —11.6 —14.5
310.15 514.6 —16.2

317.15 517.0 —15.8

Einstein equation needed to be modified by reducing the fric-
tion force. This was evidently the case, since Stokes-Einstein
equation'® with § = 4 resulted in a better prediction.

The Fedors’ correlation® is distinguishable from other
predictive tools, as it considers the molar volume of the sol-
ute in the solution at infinite dilution. This is probably the
reason behind its better prediction. However, in the applica-
tion of the Fedors’ correlation for bitumen solute, the critical
molar volume and its molar volume at infinite dilution in
hexane were uncertain. Sensitivity analyses on these two
parameters are shown in Tables 9-11.

It is clear from the comparison of the calculated errors
shown in Tables 9 and 10 that the Fedors’ correlation®*
was more sensitive to the bitumen critical volume. Sensi-
tivity analyses assured a far better performance of the
Fedors’ correlation®* for the filtered hexane-bitumen Sys-
tem. Unfortunately, there is no background information on
this predictive tool. Even in his own articles,>** Fedors
only stated successful testing of his correlation with the
extensive data in the literature. However, as postulated pre-
viously, the inclusion of the molar volume of the solute in
the solution at infinite dilution is conceivably the key fac-
tor in this success.

It is worth noting that the comparison of our measured
infinite-dilution molecular diffusion coefficients with values
from the literature was not straightforward, as there is no
experimental value for the infinite-dilution diffusion coeffi-
cient of bitumen in hexane. Nortz et al.* applied the Taylor
dispersion technique at two typical elevated temperatures for
the infinite dilution of heavy fractions of Athabasca bitumen
and Western Canadian crude in 1-methyl-naphthalene (which
is a good solvent for these systems, as the asphaltene par-
ticles are dispersed in the solvent). They presented two cor-
relations at the two temperatures to predict the infinite-
dilution molecular diffusion coefficients on the basis of
molecular weight. If it is assumed that those correlations can
be used in our bitumen + precipitating hexane solvent, a dif-
fusion coefficient can be calculated based on the estimated
molecular weight of 512.5 g/gmol, albeit at a higher temper-
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ature. To compare this calculated value with our measured
diffusion coefficient, the viscosity of the solvent into which
the bitumen molecules diffuse should be adjusted. With the
Stokes-Einstein equation,'® one may intuitively assume the
molecular diffusion coefficient is a direct function of the
absolute temperature and an inverse function of the viscosity.
Following this presumption, the adjustment yielded a value
of 1.26 X 10> cm?/s, which was in the range of our meas-
ured diffusion coefficients. Guerrero-Aconcha et al."” extrap-
olated their measured diffusion coefficients over the hexane
concentration range of 0-80% for heavy oil with a viscosity
of 6000 mPa s and found an infinite-dilution diffusion coeffi-
cient of 1.71 X 107> cm?/s at 298.15 K. Although it was not
measured directly, the extrapolated value was not signifi-
cantly different from our measured value of 1.59 X 1077
cm?/s for the unfiltered bitumen solution, considering a
much higher bitumen viscosity and a slightly higher experi-
mental temperature in our case.

Conclusions

The work reported here demonstrates that the reliable and
convenient Taylor dispersion technique can be used for
measuring molecular diffusion coefficients in liquid solvent-
bitumen systems in a time efficient way at desired tempera-
tures. The results of this study led to the following
conclusions.

1. Mutual diffusion coefficients are strongly concentration
dependent within the concentration range studied (volu-
metric bitumen concentrations of 0-34%). Thus, the
assumption of a constant molecular diffusion coeffi-
cient, at least for the liquid solvent-bitumen system
tested, would cause considerable errors in designing
solvent-assisted recovery processes.

2. Mutual diffusion coefficients monotonically follow the
viscosity-concentration trend within the concentration
range studied: as the mixture viscosity increased with
increased concentrations of bitumen, the molecular dif-
fusion coefficient decreased.
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3. In the course of the peak-width analysis, it was discov-
ered that bitumen has a highly polydisperse solute,
which means that there is a wide contrast in the molec-
ular diffusion coefficients of its different components.
Thus, the reported values at each concentration should
be considered as apparent molecular diffusion coeffi-
cients, to recognize the polydisperse nature of bitumen.

4. Fedors’ correlation in our experiments estimated the
infinite-dilution molecular diffusion coefficient of a fil-
tered bitumen solution in hexane significantly better
than other common predictive tools. More experimental
data are required to generalize the finding reliably.

5. The selection of an appropriate detector to overcome the
opacity issue of bitumen concentrated solutions is highly
recommended, so that molecular diffusion coefficient
dependency for the whole concentration range can be
determined; therefore, the Taylor dispersion technique
could be viewed as an innovative diffusion coefficient
measurement technique in solvent-bitumen/heavy oil sys-
tems, due to its convenience, rapidness, accuracy, flexibil-
ity of measurements at any temperature and/or pressure
condition and, more significantly, reliable data analysis.

Acknowledgments

The authors would like to thank Derek Leaist for construc-

tive comments. The authors wish to express their appreciation
for the financial support of all member companies of the
SHARP Research Consortium: Alberta Innovates Energy and
Environment Solutions, Athabasca Oil Sands, BP Canada
Energy Group ULC, Brion Energy, Chevron Energy Technol-
ogy Co., Computer Modelling Group Ltd., ConocoPhillips
Canada, Devon Canada Co, Foundation CMG, Husky Energy,
Japan Canada Oil Sands Limited, Nexen Inc., Laricina Energy
Ltd., Natural Sciences and Engineering Research Council of
Canada (NSERC), OSUM Oil Sands Co., PennWest Energy,
Statoil Canada Ltd., Suncor Energy, and Total E&P Canada.
The support of the Department of Chemical and Petroleum
Engineering and Schulich School of Engineering at the Uni-
versity of Calgary is also acknowledged.

Literature Cited

1.

10.

AIChE Journal

Ghanavati M, Hassanzadeh H, Abedi J. Critical review of mutual
diffusion coefficient measurements for liquid solvent + bitumen/
heavy oil mixtures. Can J Chem Eng. In press.

. Taylor R, Krishna R. Multicomponent Mass Transfer. New York:

Wiley, 1993.

. Taylor GI. Dispersion of soluble matter in solvent flowing slowly

through a tube. Proc R Soc London A. 1953;219:186-203.

. Aris R. On the dispersion of a solute in a fluid flowing through a

tube. Proc R Soc London A. 1956;235:67-77.

. Alizadeh A, Nieto de Castro CA, Wakeham WA. The theory of the

Taylor dispersion technique for liquid diffusivity measurements. /nt
J Thermophys. 1980;1:243-284.

. Levenspiel O, Smith WK. Notes on the diffusion-type model for the

longitudinal mixing of fluids in flow. Chem Eng Sci. 1957;6:227-233.

. Erkey C, Akgerman A. Taylor dispersion. In: Wakeham WA, Naga-

shima A, Sengers JV, editors. Measurement of the Transport Proper-
ties of Fluids. London: Blackwell, 1991:251-265.

. Callendar R, Leaist DG. Diffusion coefficients for binary, ternary,

and polydisperse solutions from peak-width analysis of Taylor dis-
persion profiles. J Solution Chem. 2006;35:353-379.

. Wakeham WA, Nagashima A, Sengers JV. Measurement of the

Transport Properties of Fluids. London: Blackwell, 1991.

Secuianu C, Maithland GC, Trusler JPM, Wakeham WA. Mutual dif-
fusion coefficients of aqueous KClI at high pressures measured by the
Taylor dispersion method. J Chem Eng Data. 2011;56:4840-4848.

July 2014 Vol. 60, No. 7

15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
217.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Published on behalf of the AIChE

. Baldauf W, Knapp H. Measurements of diffusivities in liquids by

the dispersion methods. Chem Eng Sci. 1983;38:1031-1037.

. Goodfellow Corporation: Material Properties of PEEK. Available at:

http://www.goodfellow.com/E/Polyetheretherketone.html, accessed on
November 25, 2013.

. Evans EV, Kenney CN. Gaseous dispersion in laminar flow through

a circular tube, Proc R Soc London A. 1965;284:540-550.

. Kelly B, Leaist DG. Using Taylor dispersion profiles to characterize

polymer molecular weight distribution. Phys Chem Chem Phys.
2004;4:5523-5530.

Costing LJ, Akeley DF. A study of diffusion of urea in water at 25°C
with the Gouy interface method. J Am Chem Soc. 1952;54:2058-2060.
Cussler EL. Diffusion: Mass Transfer in Fluid Systems, 3rd ed. New
York: Cambridge, 2009.

Oballa V, Butler RM. An experimental study of diffusion in the
bitumen-toluene system. J Can Pet Technol. 1989;28:63-69.

Zhang X, Shaw J. Liquid-phase mutual diffusion coefficients for heavy
oil + light hydrocarbon mixtures. Pet Sci Technol. 2007;25:773-790.
Guerrero-Aconcha U, Salama D, Kantzas A. Diffusion coefficients
of n-alkanes in heavy oil. In: SPE 115346-MS Annual Technical
Conference and Exhibition. Denver, CO, September 21-24, Society
of Petroleum Engineers (SPE), 2008.

Hall L. An analytical method of calculating variable diffusion coeffi-
cients. J Chem Phys. 1953;21:87-89.

Sarafianos A. An analytical method of calculating variable diffusion
coefficients. J Mater Sci. 1986;21:2283-2288.

Hiss TG, Cussler EL. Diffusion in high viscosity liquids. AIChE J.
1973;19:698-703.

Poling BE, Prausnitz JM, O’Connell JP. The Properties of Gases
and Liquids, 5th ed. New York: McGraw-Hill, 2001.

Fedors R. A method of predicting diffusion coefficients of solutes at
infinite dilution. AIChE J. 1979;25:716-717.

Wilke CR, Chang P. Correlating diffusion coefficients in dilute solu-
tions. AIChE J. 1955;1:264-270.

Tyn MT, Calus WF. Diffusion coefficients in dilute binary liquid
mixtures. J Chem Eng Data. 1975;20:106—-109.

Hayduk W, Minhas S. Correlations for prediction of molecular diffu-
sivities in liquids. Can J Chem Eng. 1982;69:295-299.

Rahimi P, Gentzis T. The chemistry of bitumen and heavy oil proc-
essing. In: Hsu CS, Robinson PR, editors. Practical Advances in
Petroleum Processing, Vol. 2. New York: Spinger Science+Business
Media, Inc., 2006:149-186.

Mullins OC. The asphaltenes. Annu Rev Anal Chem. 2011;4:393-518.
Robinson RA, Stokes RH. Electrolyte Solutions. London: Butter-
worths, 1965.

Harris KR. Temperature and density dependence of the self-diffusion
coefficient of n-hexane from 223 to 333 K and up to 400 MPa. J
Chem Soc Faraday Trans 1. 1982;78:2265-2274.

Meerwall EV, Beckman S, Jang J, Mattice WL. Diffusion of liquid
n-alkanes: free-volume and density effects. J Chem Phys. 1998;108:
4299-4304.

Johnson SE. Gas-Free and Gas-Saturated Bitumen Viscosity Predic-
tion Using the Extended Principles of Corresponding States. Cal-
gary: University of Calgary, 1985.

Nikooyeh K, Bagheri SR, Shaw JM. Interaction between Athabasca
pentane asphaltenes and n-alkanes at low concentrations. Energy
Fuels. 2012;26:1756-1766.

Scalettar BA, Abney JR, Owicki JC. Theoretical comparison of the
self-diffusion and mutual diffusion of interacting membrane proteins.
Proc Natl Acad Sci USA. 1987;85:6726—6730.

Wright JR, Mineslnger RR. The electrophoretic mobility of asphal-
tenes in nitromethane. J Colloid Sci. 1963;18(3):223-236.

Kokal S, Tang T, Schramm L, Sayegh S. Electrokinetic and adsorption
properties of asphaltene. Colloid Surf A. 1995;94:253-265.

Neves GBM, De Sousa MDA, Travalloni-Louvisse AM, Lucas EF,
Gonzalez G. Characterization of asphaltene particles by light scatter-
ing and electrophoresis. Pet Sci Technol. 2001;19:35-43.

Gonzalez G, Neves GB, Saraiva SM, Lucas EF, De Sousa MDA.
Electrokinetic characterization of asphaltenes and the asphaltenes-
resins interaction. Energy Fuels. 2003;17:879-886.

Parra-Barraza H, Hernandez-Montiel D, Lizardib J, Hernandez J,
Herrera Urbina R, Valdezd MA. The Zeta potential and surface
properties of asphaltenes obtained with different crude oil/n-heptane
proportions. Fuel. 2003;82:869-874.

Rassamdana H, Dabir B, Nematy M, Farhani M, Sahimi M. Asphalt
flocculation and deposition: 1. The onset of precipitation. AICKE J.
1996;42:10-22.

DOI 10.1002/aic 2681



42. Rassamdana H, Sahimi M. Asphalt flocculation and deposition: II.
Formation and growth of fractal aggregates. AIChE J. 1996;42:
3318-3332.

43. Dabir B, Nematy M, Mehrabi AR, Rassamdana H, Sahimi M.
Asphalt flocculation and deposition. III. The molecular weight distri-
bution. Fuel. 1996;75:1633-1645.

44. Chen SH, Davis HT, Evans DF. Tracer diffusion in polyatomic
liquids, II. J Chem Phys. 1981;75:1422—-1426.

45. Fedors R. Estimation of limiting diffusion coefficients of high
molecular weight solutes. AIChE J. 1979;25:883-885.

46. Nortz RL, Baltus RE, Rahimi P. Determination of the macroscopic
structure of heavy oils by measuring hydrodynamic properties. Ind
Eng Chem Res. 1990;29:1968-1976.

Appendix
Viscosity measurements

The viscosities of the hexane-bitumen solutions at the experi-
mental temperature condition of 303.15 K were measured with a

Table Al. Viscosities of Hexane-MacKay Bitumen Mixtures

at 303.15 K

Bitumen volumetric

concentration (%) 0 7.5 18.2 33.6
Viscosity (mPa s) 0.281 0.41 0.80 2.15

Table A2. Viscosities of MacKay Bitumen at Several
Temperatures

Temperature (K) 315.05 321.56 343.17
Viscosity (mPa s) 20168 8714 1433

Table A3. Densities of Hexane-MacKay Bitumen Mixtures at

303.15 K
Bitumen volumetric
concentration (%) 0 7.5 18.2 33.6
Density (g/cm?) 0.650 0.674 0.733 0.833
Table Ad. Densities of Mackay Bitumen at Several
Temperatures
Temperature (K) 308.26 313.86 332.48
Density (g/cm’) 0.9979 0.9936 0.9823

Cambridge Viscometer model SLC 372 (Table Al). The viscos-
ities of pure bitumen were also measured at several temperatures
(Table A2) to find its relationship with temperature as

u[mPa s]=exp(exp(—0.0108T[K]+5.7023)) (A1)

Density measurements

The densities of the hexane-bitumen solutions at the experimen-
tal temperature condition of 303.15 K were measured with an
Anton Paar DMA 512 HPHT (Table A3). The densities of pure
bitumen were also measured at several temperatures (Table A4)
to find its relationship with temperature as

plg/em?]|=3.247T" "2 K] (A2)
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