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In this study, ultradispersed colloidal particles of iron oxide/hydroxide were prepared in-situ in heavy oil
matrices adopting (w/o) microemulsion approach for nanoparticle preparation detailed in our previous work
[1-3]. The effect of composition of heavy oil on the stable concentration of colloidal particles, particle uptake,
was investigated. The following trends in particle uptake were common between the (w/o0) microemulsions
and the heavy oil matrices. An optimum water content was found for which a maximum particle uptake was
attained. Particle uptake increased as the content of vacuum residue, VR, and precursor salt concentration
increased. Vacuum residue contributes high asphaltene content, which acts as a surface active agent. The iron
oxide/hydroxide particles had been recently shown to effectively remove H,S ) from oil phase [4]. H,Sg) is a
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Heavy oil hazardous by-product of heavy oil recovering and upgrading which should be removed as soon as it forms.
Microemulsion Results pertaining to H,S(g) removal from heavy oil employing ultradispersed particles are communicated in
Uptake Part II of this study.

Colloid © 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy oil and bitumen are unconventional oils that are charac-
terized by high viscosities, high densities, low hydrogen to carbon
ratio, high carbon residues, and high content of asphaltenes and
heteroatoms [5]. Therefore, heavy oils have to be upgraded into
lighter synthetic oil with low content of sulfur, nitrogen and metals.
The upgrading processes, however, have proven to be environmen-
tally unfriendly [6], and are often accompanied by evolution of
gaseous pollutants, such as H,S(g), CO2(g) and other gaseous pollutants
[7-9].

In-situ upgrading of heavy oil is a new approach, which involves
utilizing the reservoir as a reactor, and aims at enhancing production
and reducing the cost and the environmental impact of on-surface
upgrading [6]. To this end, effort has been focused on special
ultradispersed catalysts prepared in-situ, within the reservoir envi-
ronment, to promote upgrading. The catalytic activity of the
ultradispersed catalysts depends primarily on its surface area, which
in turn, is dictated by its particle size, colloidal concentration and
stability. On the other hand, capturing the gaseous pollutants as soon
as they form is essential for preventing many side effects associated
with the escape or the retainment of these pollutants in a chemically
active form in reservoirs.

* Corresponding author. Alberta Ingenuity Centre for In-Situ Energy, University of
Calgary, Calgary, Alberta, Canada.
E-mail address: maen.husein@ucalgary.ca (M.M. Husein).

0378-3820/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.fuproc.2009.09.007

In previous studies, we investigated the in-situ formation of
different metal oxide/hydroxide nanoparticles in single AOT/water/
isooctane microemulsions at high loading of precursor materials [1-
3]. The effect of operating and microemulsion variables on the
nanoparticle uptake, maximum possible time-independent nanopar-
ticle concentration, was evaluated. The current study utilizes findings
from our previous investigations to in-situ prepare ultradispersed iron
oxide/hydroxide particles in heavy oil matrices. In a recent work [4],
we showed that in-situ prepared iron oxide/hydroxide nanoparticles
effectively removed H,Sg) from 1-methyl-naphthalene oil phase. In-
situ formation of colloidal particles provides better control on particle
size and, hence, improves their stability, dispersion and reactivity.
This part of the study focuses on identifying the conditions at which
the highest uptake of stable colloidal iron oxide/hydroxide particles in
heavy oil matrices can be attained. The effect of heavy oil composition,
mixing time and temperature on the uptake of the colloidal particles is
investigated. The affinity of the colloidal particles toward H,S
sorption is included in Part II of this study.

2. Experimental work
2.1. Materials

The heavy oil matrix was prepared by mixing vacuum gas oil, VGO,
and vacuum residue, VR, originally obtained from Athabasca bitumen
in Alberta. Toluene (99.8%, Sigma-Aldrich Fine Chemical, Toronto, ON)
was used as a diluent for dynamic light scattering measurements.
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PermiSolv™ (CONOSTAN Oil Analysis Standards, Ponca City, OK) was
used as a diluent for the ICP (Inductively Coupled Plasma) measure-
ments. Iron (III) chloride (laboratory grade, Fisher Scientific, Toronto,
ON) was used as the precursor salt, and sodium hydroxide (5.0 N, Alfa
Aesar, Toronto, ON) was used as the precipitating agent.

2.2. Preparation of colloidal iron oxide/hydroxide particles

Vacuum residue (VR) and vacuum gas oil (VGO) were mixed at
different weight percentage in order to simulate different bitumen or
heavy oil reservoirs. A specified amount of VR, containing 22 wt.%
asphaltenes, was heated to 70 °C to reduce its viscosity. The viscosity
was measured by a DV-I1+4 Pro Viscometer (Brookfield Engineering,
Inc.,, Middleboro, MA). After heating, VR was mixed with VGO at a
ratio of 2:10 (g/g), unless otherwise stated. Then, the mixture was left
to mix for 1 h at 300 rpm and 70 °C.

In-situ preparation of the colloidal iron oxide/hydroxide followed a
similar procedure developed for the preparation of metal oxide/
hydroxide nanoparticles in (w/o) microemulsions [1-3]. A specified
amount of aqueous FeCls solution was added to 20 ml of the heavy oil
matrix and left shaking for 1 h at 300 rpm and 70 °C, unless otherwise
noted. A stoichiometric amount of NaOH was then added, and the
system was left to mix for 6 h at 300 rpm and 70 °C. For the samples
used to study the effect of mixing time, mixing commenced for 2 days.
Water accompanying the aqueous NaOH and FeCl; solutions was
accounted for in the calculation of the water percent in the heavy oil
matrix. The molar concentration of the colloidal iron oxide/hydroxide
particles was determined using an inductively coupled plasma, ICP
(IRIS Intrepide II XDL, Thermolnstruments Canada Inc., Mississauga,
ON). Certain volumes from the experimental vials were diluted with
PermiSolv™ to concentrations between 2 and 5ppm Fe. Three
replicates were prepared for some samples, and the 95% confidence
intervals were calculated and presented in the figures. Due to artifacts
stemming from other heavy oil components, TEM could not provide
clear images of particle size. These artifacts could not be removed by
washing the particles with different solvents; including toluene.
Therefore, in an attempt to estimate the colloidal iron oxide/
hydroxide particle size in heavy oil matrix, dynamic light scattering,
DLS (Malvern Instruments Ltd., Worcestershire, UK), was employed.
Around 2 drops of the heavy oil containing colloidal particles were
diluted with 5 mL of toluene, and mixed for 1 min using vortex mixer
before DLS measurements. X-ray diffraction patterns of the particles
collected after high speed centrifugation were inconclusive due to
artifacts. Again, washing could not help removing these artifacts.

3. Results and discussion

Due to the fact that composition of heavy oil and its water content
vary widely between reservoirs, an attempt to capture this variation
was made by manipulating the mass fraction of VGO, VR, and water.
Meanwhile, these variables affect the emulsion/microemulsion
structure of the heavy oil matrix, which in turn, affect particle size
and uptake as per our previous studies with (w/o) microemulsions
[1-3]. As stated above, attempts to identify the product particles using
X-ray failed. Nonetheless, based on our previous work involving (w/o)
microemulsions [2,4] we concluded that iron oxide/hydroxide
particles formed. This conclusion is supported by the stoichiometry
of the reaction between iron oxide/hydroxide and H,Sg) as detailed in
Part II of the work.

3.1. Effect of mixing time

The effect of mixing time was studied by collecting data on iron
concentration from samples that were kept mixing for 48 h at
300 rpm and 70 °C. High reactant loading of 12.4 mM FeCls, based
on heavy oil volume, with the stoichiometric amount of NaOH were

employed. The heavy oil matrix consisted of 20 wt.% of VR, 80 wt.% of
VGO, and a water content of 2.5vol.% in one sample, and 7.5vol.% in
another. Fig. 1 presents iron oxide/hydroxide concentration as a
function of time.

A decrease in the concentration of iron oxide/hydroxide colloidal
particles with time followed by a plateau after around 6 h of mixing
can be seen in Fig. 1. The initial decrease in the concentration of iron
oxide/hydroxide in the heavy oil matrix is attributed to the settling
time required by particles with sizes exceeding the stabilization
capacity of the system. Therefore, for the experiments to follow a 6-
h mixing time was considered sufficient to ensure reaching a time-
independent particle concentration. Notably, similar trend in nano-
particle concentration versus time was reported for the (wj/o)
microemulsions [1-3]. Fig. 1 shows that the particle uptake was
sensitive to the water content in the two systems. A more detailed
investigation on the effect of water is given below.

3.2. Estimating size of colloidal particles

Due to artifacts belonging to heavy oil components, TEM images
could not be collected. Attempts to wash the particles after collection
with toluene and other solvents did not work. Therefore, in an
attempt to still provide an estimate of the colloidal iron oxide/
hydroxide particle size in heavy oil matrix, dynamic light scattering,
DLS, was employed.

Fig. 2 shows DLS results for heavy oil samples at different
concentrations of the colloidal iron oxide/hydroxide particles. In all
samples the diameters of the entities detected by DLS ranged from
90 nm to 1 m. No significant difference in DLS peaks between heavy
oil matrix containing no colloidal particles and samples containing
different concentrations of iron oxide/hydroxide was found. This
suggests that the entities scattering the DLS rays are most probably
water pools or asphaltene aggregates. Nonetheless, an upper estimate
of the mean particle size would be 350 nm. The calculated surface area
per gram of colloidal particles with the size distribution presented in
Fig. 2 was 1.68 m?/g and the surface area per volume of the oil matrix
was 1.38 m?/L, at the maximum particle uptake obtained in this study
as shown in Fig. 3 below. These are very conservative numbers and are
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Fig. 1. Concentration of colloidal iron oxide/hydroxide in the heavy oil matrix as a
function of time obtained when mixing a stoichiometric amount of 12.4 mM FeCl; and
NaOH in a heavy oil sample {VR=20 wt.%, VGO =80 wt.%, rpm =300, T=70 °C} at
different water content (vol.%).
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Fig. 5. Uptake of colloidal iron oxide/hydroxide by the heavy oil matrix as a function of
nominal FeCl; concentration in the heavy oil obtained after mixing a stoichiometric
amount of FeCl; and NaOH in a heavy oil sample {VR=20 wt.%, VGO=2380 wt.%,
rpm =300, water = 2.5 vol.%, T=70 °C} for 6 h.

3.5. Effect of the precursor salt concentration

The initial concentration of FeCls in the heavy oil matrix was
increased from 1.5 to 12.4 mM at a constant mole ratio of NaOH to
FeCls of 3.0, VR =20 wt.%, and 2.5 vol.% water content. Fig. 5 shows an
increase in the particle uptake as the initial concentration of FeCls
increased in the heavy oil matrix. This is attributed to an increase in
the iron ion occupancy number in the water pools and the subsequent
enhancement of intramicellar nucleation and growth [11]. Again, the
trend reported here is similar to that pertaining to (w/o) microemul-
sions [1-3]. Interestingly, the uptake displayed a power function with
respect to FeCl; concentration in the two systems. The power function
dependency was attributed to the effect of the ionic strength in the
water pools on the stability of the (w/o) microemulsions. Whereas, at
the highest concentration of 12.4 mM FeCls, no obvious phase
separation took place in the heavy oil sample.

3.6. Effect of temperature

Heavy oil recovery and upgrading involves high operating
temperatures. Therefore, studying the temperature effect on particle
uptake was deemed necessary. Moreover, temperature affects the
viscosity of heavy oil to a large extent. Viscosity and temperature
dictate the rate of collision of particle-populated water pools [12].
Table 1 shows the viscosities of some VGO/VR mixtures at different
temperatures. Following the 6-h time period required to reach
constant particle uptake the temperature of the heavy oil was
increased from 30 to 150 °C. Constant mole ratio of NaOH to FeCls

Table 1
Viscosity of heavy oil samples.

Sample VR (wt.%) Temperature (C) Viscosity (cP)
VGO 0 70 14.7
VGO/VR 10 70 221
VGO/VR 20 70 39.2
VGO/VR 20 100 12.9
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Fig. 6. Uptake of colloidal iron oxide/hydroxide by the heavy oil matrix as a function of
temperature obtained after mixing a stoichiometric amount of 12.4 mM FeCl; and NaOH in
a heavy oil sample {VR =20 wt.%, VGO =80 wt.%, rpm = 300, water = 2.5vol.%} for 6 h.

of 3.0, VR=20 wt.%, water=2.5vol.% and initial concentration of
FeCl; =12.6 mM were employed.

Fig. 6 shows a decrease in the uptake as the temperature of the
heavy oil increased. Higher temperatures and lower viscosities, we
believe, contributed to a higher percentage of successful collisions
between particle-populated water pools, and the subsequent higher
rate of aggregation led to particle precipitation under gravity effect.
Husein et al. [13], on the other hand, reported a maximum in the AgCl
nanoparticle uptake with temperature and attributed the increase in
the nanoparticle uptake to an endothermic equilibrium reaction
between the bulk AgCl powder and the colloidal AgCl nanoparticles
[11].

4. Conclusions

In this study, the in-situ technique for preparing ultradispersed
iron oxide/hydroxide colloidal nanoparticles in (w/0) microemulsions
has been successfully demonstrated for heavy oil matrices. The
stabilization potential of iron oxide/hydroxide particles by heavy oil
matrices consisting of vacuum residue, VR, vacuum gas oil, VGO, and
water was evaluated. The stabilized particles can be used as sorbents
or catalysts for heavy oil upgrading. The following trends in the
colloidal concentration were common for the (w/o) microemulsion
systems and the heavy oil matrices. The uptake of iron oxide/
hydroxide increased linearly with increasing the percentage of the
surface active agents and displayed a maximum with the water
content. Also, increasing the initial concentration of FeCls; led to an
increase in the uptake of iron oxide/hydroxide. Temperature had a
negative impact on the uptake of iron oxide/hydroxide by the heavy
oil matrices. This was attributed to particle aggregation and settling at
the high rates of successful collision accompanying the increase in
temperature and the decrease in viscosity.
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