
Fuel Processing Technology 91 (2010) 169–174

Contents lists available at ScienceDirect

Fuel Processing Technology

j ourna l homepage: www.e lsev ie r.com/ locate / fuproc
Ultradispersed particles in heavy oil: Part II, sorption of H2S(g)
Nashaat N. Nassar a,⁎, Maen M. Husein a,b,⁎, Pedro Pereira-Almao a,b

a Alberta Ingenuity Centre for In-Situ Energy, University of Calgary, Calgary, Alberta, Canada
b Department of Chemical and Petroleum Engineering, University of Calgary, Calgary, Alberta, Canada
⁎ Corresponding authors.
E-mail addresses: nassar@ucalgary.ca (N.N. Nassar),

(M.M. Husein).

0378-3820/$ – see front matter. Crown Copyright © 200
doi:10.1016/j.fuproc.2009.09.008
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 January 2009
Received in revised form 5 August 2009
Accepted 17 September 2009

Keywords:
H2S
Sorption
Heavy oil
Metal oxide
Sorbent
During steam assisted gravity drainage for heavy oil recovery aqua-thermolysis reactions take place, whereupon
gaseoushydrogen sulfide, H2S(g), is produced. Amethod to captureH2S(g) and convert it into a chemically inactive
species is deemednecessary for sustaining in-situ recovery and upgrading. Part I of the current study explored the
formation and stabilization of colloidal FeOOH particles in heavy oil matrices. In this Part, we evaluate the H2S(g)
sorption ability of these particles as well as other metal oxide/hydroxide particles. Furthermore, the effect of
mixing and temperature on H2S(g) sorptionwas investigated. Results showed that the rate and capacity of H2S(g)
sorption increased as the concentration of FeOOH increased.Mixing, on the otherhand, had insignificant effect on
the sorption capacity, however it improved the sorption kinetics. In addition, in-situ prepared colloidal particles
showed better reactivity towards H2S(g) than commercial α-Fe2O3 nanoparticles. Temperature had an adverse
effect on the H2S(g) sorption capacity of FeOOH. Thiswas attributed to a change in chemical structure of FeOOHas
the temperature increased. Nevertheless, in-situ prepared ZnO colloidal particles completely removed H2S(g)
even at high temperatures.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

With the continuous depletion of the world's supply of conven-
tional oil, there is an increasing demand for recovering and upgrading
of heavy oil and bitumen to meet current and future energy needs of
the world. However, due to the high viscosity and specific gravity of
heavy oil its ability to flow within the reservoir is low [1–4]. Two
thermal recovery techniques have been employed to raise the
temperature of heavy oil and reduce its viscosity, in-situ combustion
and steam injection. Steam injection, known as steam assisted gravity
drainage (SAGD), is the most common and effective recovery method
[5,6]. In SAGD, the steam is used as the heat carrier to increase the
temperature and reduce the viscosity of heavy oil, and consequently
reduce the flow resistance of heavy oil through porous media which
increase the yield and production rate [5,6]. However, heavy oil
recovering and upgrading has been proven to be environmentally
unfriendly [7]. During viscosity reduction a number of chemical
reactions between steam and heavy oil take place [2,8,9]. The
production of hydrogen sulfide and carbon dioxide in addition to
other minor gaseous pollutants is common during SAGD process
[2,8,9]. Aqua-thermolysis, which describes the chemical interaction of
high temperature and high pressure steam with reactive components
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of heavy oil, leads to breaking the C―S bond in heavy oil [2]. H2S(g) is a
highly toxic and odorous gas that can impact underground water and
contribute for the acid rain formation as well. Moreover, H2S(g) can
cause pipeline corrosion, poison catalysts and limit plant lifetime [10].
Thus, a method to capture H2S(g) and convert it to a chemically
inactive product during in-situ recovery and upgrading is necessary.

In a previous work, we showed that ultradispersed colloidal
FeOOH particles formed in-situ in 1-methyl naphthalene continuous
oil phase by means of (w/o) microemulsion methods effectively
converted H2S(g) into FeS and S0 [1]. In addition, our previous work
showed that commercial α-Fe2O3 nanoparticles as well as soluble
FeCl3(aq) dispersed in the same background microemulsions were
ineffective towards H2S(g) capturing within the residence time of the
gas bubbles [1]. Part I of the current work investigated the formation
and stabilization of colloidal FeOOH particles in heavy oil matrices.
Results from Part I showed that appreciable concentration of colloidal
FeOOH particles could be maintained stable for more than 48 h. Part II
of the current investigation explores the effectiveness of the
ultradispersed colloidal FeOOH particles in capturing H2S(g) while it
bubbles through the heavy oil. In-situ prepared FeOOH were
compared with commercial iron oxide nanoparticles. In addition,
other metal oxides; including MgO, CaO and ZnOwere tested towards
H2S(g) sorption, especially at higher temperature. Packed columns of
these metal oxide particles have been shown to effectively remove
H2S(g) [10–14]. The present work holds great promise for online
removal of H2S(g) during in-situ heavy oil recovery and upgrading [7].
Example of potential application of in-situ prepared colloidal metal
oxide particles is illustrated in Fig. 1.
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Fig. 1. Model for in-situ preparation of metal oxide sorbents during heavy oil recovering and upgrading.
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2. Experimental

2.1. Materials

The heavy oil matrix was obtained by mixing vacuum gas oil, VGO,
and vacuum residue, VR, belonging to bitumen from Athabasca,
Alberta. The following metal precursors were used to prepare the
corresponding colloidal metal oxide/hydroxide particles; including
FeCl3 (Laboratory grade, Fisher Scientific, Toronto, ON), Ca
(NO3)2.4H2O (99%, Fisher Scientific, Toronto, ON), MgCl2.6H2O (99%,
Fisher Scientific, Toronto, ON) and ZnCl2 (99.99%, Alfa Aesar, Toronto,
Fig. 2. Schematic diagram of the
ON). Sodium hydroxide (5.0N, Alfa Aesar, Toronto, ON) was used as
the precipitating agent.

2.2. Preparation of the ultradispersed sorbent

Details on the in-situ preparation of the colloidal iron oxide/
hydroxide particles in heavy oil matrices have been included in Part I
of the current investigation. The preparation of the Mg, Ca and Zn
oxides/hydroxides followed exactly the same procedure. The compo-
sition of the heavy oil matrix was maintained at 80 wt.% VGO, 20 wt.%
VR and 2.5 vol.% of water or aqueous precursor solutions were used.
H2S(g) sorption experiment.



Fig. 3. H2S(g) breakthrough curves presented as f versus time in the presence and
absence of colloidal FeOOH particles in heavy oil matrix. Experimental conditions:
25 °C, 200 psi, 40 cm3/min feed flow and 60 rpm mixing.
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The heavy oil containing colloidal metal oxide/hydroxide particles
was poured into the reactor vessel of the experimental setup. To
further investigate the ability of heavy oil matrices to disperse ex-situ
prepared particles for the sorption of H2S(g) by commercially available
anhydrous crystalline iron (III) oxide nanoparticles, α-Fe2O3 (Nanos-
tructured & Amorphous Materials, Inc., Houston, TX), was attempted.
Particle diameter of α-Fe2O3 ranged from 20 to 50 nm, as per
manufacturer. The α-Fe2O3 particles were dispersed in the heavy oil
matrix by sonication for 30 min.

2.3. Experimental setup

The H2S(g) sorption experiments were carried out in the setup shown
in Fig. 2 [1]. A high pressure 100 ml reactor vessel (Parr Instrument
Company, Moline, IL) equipped with a gauge pressure, a heating band
with temperature controller, and stirrerwith speedcontrollerwasused to
bubble H2S(g)-containing feed streams through the heavy oil matrix. The
reactor is capable of handling apressure up to 2000 psi and a temperature
up to 350 °C. The feed streams contained 200 ppmH2S and 1000 ppmN2

in He (balance). The flowrate of the gas stream was controlled at the
outlet by a flow controller (5850S, Brooks Instruments, Fremont, CA). A
three-way valve is fitted between the gas cylinder containing 200 ppm
H2S(g) and the one containing pure He, and a one-way check valve is
placed in the gas line to avoid reverse flow. The exit stream of the reactor
was allowed into a gas chromatograph, GC (SRI 8610C, SRI Instruments,
Torrance, CA), having a FPD detector.

2.4. H2S(g) sorption experimental procedure

A 50-ml sample of heavy oil with or without colloidal metal oxide/
hydroxide particles was added to the reactor vessel. Then, stirring at
60 rpm commenced, unless otherwise noted. Leak test was performed
by pressurizing the reactor with pure He up to 300 psi. A 1% change in
pressure per hour was adopted as the maximum allowable pressure
decrease during the leak test. A 200 psi pressure was maintained after
the termination of the leak test. He(g) was used for purging the system
until O2(g) disappeared completely, as measured by the GC. Following
purging, the reactor was heated up to the desired temperature. When
the reactorworking pressure and temperaturewere attained, the actual
sorption experiments start by switching of the inlet gas from pure He(g)
to H2S(g)-containing feed. At this point the zero reaction time for the
sorption experiment was considered. The reaction was carried out until
no significant change in H2S(g) inlet and outlet concentration was
appeared. The reactor was cooled down to room temperature and
purged with pure He(g) at the end of the run. The heavy oil sample was
discharged from the reactor vessel, and the reactor vessel and assembly
were washed with toluene. The heavy oil-toluene products were
recovered for further analysis by using an evaporator. Due to artifacts
stemming from heavy oil components, X-ray provided inconclusive
patterns of the particles collected before or after H2S(g) sorption. These
artifacts could not be removed bywashing theparticles, after high speed
centrifugation, with different solvents, including toluene. Burning the
sample to remove heavy oil composition was not considered, since
burning impacts particle composition. The results of H2S(g) sorption
were plotted as the fraction of the H2S(g) concentration in the effluent
gas from the reactor vessel,CH2S(g),e, over that in the feed stream,CH2S(g),i,
according to Eq. (1).

f =
CH2SðgÞ;e

CH2SðgÞ ;i
ð1Þ

3. Results and discussion

Even though particle characterization could not be performed, X-ray
diffraction patterns of FeOOH nanoparticles prepared using the same
procedure, precursors and under the same conditions, but in (w/o)
microemulsions confirmed the formation of FeOOH nanoparticles [15].
It was, hence, concluded that FeOOH particles were obtained in this
study. X-ray diffraction pattern of the spent particles, after H2S(g)
sorption, showed the formation of FeS(s) and S(s)0 , as per our previous
study [1], which is characteristic of reductive solubilization of FeOOH
[16–18].

3.1. Sorption mechanism

It is suggested that the sorption of H2S(g) is a two stage process
[1,10], in the first stage adsorption of H2S(g) takes place whereby
H2S(g) diffuses through the heavy oil emulsions/microemulsions until
it reaches the surface of the colloidal metal oxide/hydroxide particle
where H2S(g) is adsorbed onto the surface. In the second stage
sorption takes, whereby H2S(g) at the solid surface reacts readily with
the bulk of metal oxide/hydroxide to form metal sulfide, elemental
sulfur and water following Reaction (2) for FeOOH colloidal particles
[16–18]. The dominant of the stages depends heavily on the surface
area/g of the colloidal particles. The reaction ceases either when all
solid oxide is reacted or when the formed sulfide shell acts as a mass
transfer barrier that limits the diffusion process. This retardation is
much more pronounced for larger particles.

3H2Sþ 2FeOOH→2FeSðsÞ þ S
0
ðsÞ þ 4H2O ð2Þ

3.2. Effect of colloidal FeOOH concentration

Fig. 3 shows the fraction of H2S(g) concentration in the effluent gas
from the reactor over that in the feed, f, as a function of time for 0, 2.5
and 6.2 mM concentration of colloidal FeOOH particles. The experi-
mental conditions were 25 °C, 200 psi, 40 cm3/s, and 60 rpm mixing.

A comparison between the different curves in Fig. 3 shows that
H2S(g) is effectively removed with the aid of colloidal FeOOH particles.
Higher concentration of colloidal FeOOH particles increased the
sorption capacity of the system. Calculation of moles of H2S(g) reacted
until the break point indicates that a stoichiometric amount of H2S(g)
was readily reacted as per Reaction (2). This suggests that neither
mass transfer nor reaction kinetics limited the interaction between
H2S(g) and the colloidal FeOOH particles within the residence time of
the gas. This, in turn, indicates that dispersion by the heavy oil
matrices and mixing was sufficient to grant enough contact between



Fig. 4. H2S(g) breakthrough curves presented as f versus time at 0 and 60 rpm mixing.
Control sample contains no colloidal FeOOH particles. Experimental conditions: 25 °C,
200 psi and 40 cm3/min.

Fig. 5. f versus time for commercial α-Fe2O3 nanoparticles dispersed in heavy oil
matrix. f for the control sample and the in-situ prepared colloidal FeOOH particles are
provided for comparison. Experimental conditions: 25 °C, 200 psi, 40 cm3/min feed
flow and 60 rpm mixing.

Fig. 6. f versus time for heavy oil matrices containing 2.5 mM in-situ prepared FeOOH
particles at different temperatures. Experimental conditions: 200 psi, 40 cm3/min feed
flow and 60 rpm mixing.
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the H2S(g) and the colloidal particles. Similar observations were
reported in our previous study with CTAB/butanol/water/1-methyl
naphthalene microemulsion containing FeOOH nanoparticles [1].

3.3. Effect of mixing

In order to evaluate the dispersion of the colloidal particles granted
by heavy oil matrix alone, runs without mixing were performed. It is
important to know that limited mixing can be provided within
reservoir environment during heavy oil recovery and upgrading.
Therefore, the success of the in-situ sorption of the H2S(g) hinges upon
the dispersion granted by the heavy oil matrix.

Fig. 4 compares the H2S(g) breakthrough curves of the 2.5 mM
colloidal FeOOH particles with and without mixing at 25 °C, 200 psi,
and 40 cm3/min. Control run containing no colloidal FeOOH particles
with mixing was provided for comparison. As can be seen, the sample
with mixing showed the longest onset time compared with the one
without mixing. Furthermore, with mixing, the breakthrough curve
was sharp as most of the colloidal FeOOH particles were utilized at the
onset point as per Reaction (2). On the other hand, without mixing,
the breakthrough curve is further extended and less than one-quarter
of the colloidal FeOOH is utilized at the onset point. Interestingly, the
area above the curves for the two runs differed only by 20%. The
difference in the areas above the breakthrough curves of the control
run and the other samples is proportional to the amount of H2S(g)
sorbed by colloidal FeOOH particles. This suggests that in both
scenarios, mixing and without mixing, H2S(g) was mostly sorbed.
However, kinetics of H2S(g) sorption is higher with mixing.

3.4. Commercial α-Fe2O3 as sorbents

α-Fe2O3 has been reported as a good sorbent of H2S(g) [10,19]. In our
previous investigation [1], we reported almost zero sorption capacity of
α-Fe2O3. This finding was attributed to a poor dispersion of α-Fe2O3

particles conferred by CTAB/butanol/water/1-methyl naphthalene
microemulsions. Since the current investigation is involving a different
system, this experiment will shed some lights on the dispersion
capability of the heavy oil matrix towards ex-situ prepared particles.

Fig. 5 shows H2S(g) breakthrough curves for a control sample, a
sample containing α-Fe2O3 nanoparticles and a sample containing
2.5 mM in-situ prepared colloidal FeOOH particles obtained at 25 °C,
200 psi, 40 cm3/min and 60 rpm. In order to maintain the same molar
concentration of iron in both cases, the concentration of commercial
α-Fe2O3 nanoparticles was set at 1.25 mM, which was half the
corresponding concentration of the in-situ prepared particles.

As can be seen, the sorption of H2S(g) by the commercial α-Fe2O3

nanoparticles was insignificant. This observation was also supported by
the color of theprecipitatedparticles formedat thebottomof the reactor
vessel at the end of the experiment. The commercial nanoparticles
remain red-brown,which indicatesminimumconversion to iron sulfide
is formed; while the in-situ prepared particles turned into black due to
the formation of iron sulfide. One explanation of these results is that the
heavy oil matrix does not provide enough dispersion for the α-Fe2O3

particles, which created a mass transfer barrier. This supports the fact
that in-situ prepared particles provide better sorption capacity compare
with the ex-situ prepared ones. Another explanation relate to the



Fig. 7. f versus time for 2.5 mM different types of in-situ prepared metal oxide colloidal
particles in heavy oil matrix. Experimental conditions: 200 °C, 200 psi, 40 cm3/min feed
flow and 60 rpm mixing.
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chemical structure of iron oxide. It has been reported that amorphous
iron hydroxide react readily and more extensively with H2S than iron
oxide with organized crystal structure, such as hematite [16,18–20].
Therefore, within the residence time of the H2S(g) sorption by α-Fe2O3

nanoparticles was too slow.

3.5. Effect of temperature

As heavy oil recovery and upgrading take place at high tempera-
tures, it was necessary to study the effect of temperature on the
stability and reactivity of the in-situ prepared colloidal FeOOH
particles. Most of the reported literature studied the ex-situ removal
of H2S(g) at high temperatures (>350 °C) [10,21] and little work
focused on the removal of H2S(g) at temperature less than 200 °C
[10,14]. It is believed that, low temperature H2S(g) absorption
improves the energy efficiency and reduces the environmental impact
[12]. In this experiment, the heavy oil temperature was increased
from 25 to 200 °C at 200 psi, 40 cm3/min and 60 rpm of mixing. The
results are given at various temperatures in Fig. 6.

Fig. 6 shows that the breakthrough curves differed in their onset
time and shape as the temperature increased. The onset time of H2S(g)
shifted to the left, indicating lower rate of sorption and lower sorption
capacity at higher temperatures. It is worth noting that FeOOH can
transform to α-Fe2O3 and β-FeOOH as well as α-FeOOH as the
temperature increases [22]. α-Fe2O3 is the most thermodynamically
stable phases at temperatures above 100 °C [23]. Calculations using
the thermodynamic equilibrium software FactSage® performed to
determine the affinity ofα-Fe2O3 towards the H2S(g) at 200 °C showed
that the reaction of α-Fe2O3 with H2S(g) is thermodynamically
unfeasible. This, we believe, explains the early evolution of H2S(g) in
Fig. 6 at 200 °C. The color of the precipitated particles formed at the
Table 1
Mole of the different metal oxides consumed at the onset time as calculated theoretically f

Type of oxide Temp.
°C

Conc.
mM

Onset time
(min)

Control 25 0 45
Fe2O3 200 2.5 45
MgO 200 2.5 78
CaO 200 2.5 78
ZnO 200 2.5 371
bottom of the reactor at the end of the experiment was red-brown,
which is the color of α-Fe2O3.
3.6. Other metal oxide sorbents

Since FeOOH failed to removeH2S(g) athigh temperature; Ca,Mgand
Zn oxide/hydroxide colloidal particles were prepared following the
same procedure and tested towards the H2S(g) removal. The temper-
ature was fixed at 200 °C and mixing commenced at 60 rpm. At this
temperature, the hydroxide form of this metal would convert to the
oxide. The concentration of the different metal oxides was 2.5 mM.

Fig. 7 shows that the H2S(g) breakthrough curves in the presence of
the different colloidal metal oxide particles. The curves for the control
sample and the heavy oil matrix containing 2.5 mM FeOOH was
provided for comparison. It is evident from Fig. 7 that the rate of
sorption is strongly dependent on the metal oxide. The onset time of
H2S(g) followed the sequence ZnO>CaO>MgO>Fe2O3. Table 1
presents the amount of metal oxide consumed at the onset time
and compares that with the stoichiometric amount calculated as per
the general Reaction (3), where M stands for any of the metal, except
Fe2O3 which should follow Reaction (4) [19].

MOðsÞ þ H2SðgÞ→MSðsÞ þ H2OðgÞ ð3Þ

Fe2O3ðsÞ þ 3H2SðgÞ→Fe2S3ðsÞ þ 3H2OðgÞ ð4Þ
As can be seen in Table 1, ZnO was completely consumed at the

onset time suggesting its sorption kinetics was faster than the
residence time of H2S(g) in the reactor vessel.
4. Conclusions

The H2S(g) sorption ability of the in-situ prepared metal oxide/
hydroxide colloidal particles in heavy oil matrix was demonstrated.
In-situ prepared colloidal FeOOH particles were more effective in
H2S(g) removal than ex-situ prepared α-Fe2O3 nanoparticles dis-
persed in the heavy oil matrix. This, however, might be attributed to a
different crystal structure of the two particles. The sorption capacity of
the colloidal FeOOH particles is inversely proportional to temperature.
This was attributed to structural change in the iron oxide/hydroxide
as temperature increased. Mixing the heavy oil matrix had insignif-
icant effect on the sorption capacity of the colloidal particles, while
improved the sorption kinetics of the colloidal particles. The in-situ
prepared zinc oxide particles were more efficient for the removal of
H2S(g) at 200 °C than the other metal oxides considered in this study.
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rom Reactions (2), (3) and (4) at 2.5 mM and 200 °C.

Available
(mmol)

Consumed at the onset time
(mmol)

Unconsumed
(mmol)

– – –

0.12 0.00 0.12
0.127 0.011 0.116
0.127 0.011 0.116
0.125 0.11 0.015
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