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Thermogravimetry  analyses  have  been  employed  to study  the  catalytic  effect  of  different  metal  oxide
nanoparticles  on  the  thermo-oxidative  decomposition  of  asphaltenes  at isothermal  conditions.  Three
metal  oxide  nanoparticles  were  considered  in this  study,  namely:  NiO,  Co3O4 and  Fe3O4.  Results  showed
that  the  presence  of  nanoparticles  decreased  the  activation  energy  of  asphaltenes  oxidation  and  enhanced
vailable online xxx
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the  reaction  rate. It appears  that  the  thermo-oxidative  reaction  is  metal  oxide  specific.  The  obtained
kinetic  data  showed  that NiO  has  the  highest  reaction  rate  followed  by  Co3O4 and  then  Fe3O4,  which
suggests  a change  in  the  reaction  mechanism.

© 2012 Elsevier B.V. All rights reserved.
xide

. Introduction

The increase of the world’s energy demand in all sectors, espe-
ially in industrializations and transportations, has led to a steep
ise for the demand of conventional oil [1–3]. However, reserves
f conventional oil are limited [3].  As a result, petroleum industry
tarts to explore, develop and produce fuels from more challeng-
ng unconventional fossil fuel resources [2].  The oil sands deposits
resent one of these challenging resources and can provide a fea-
ible solution to worldwide energy crisis [2,4]. Oil sands consist
f bitumen trapped in a complex mixture of sand, water and
lay, along with other minor amounts of minerals [2].  Bitumen is
eavy and extremely viscous oil that must be treated and upgraded
efore it can be used by refineries to produce usable fuels. Gener-
lly, heavy oil is defined as having API gravity less than 20◦. For
nstance, the API gravity of Athabasca bitumen is around 9◦ [5].
hus, bitumen is non-mobile at reservoir conditions. Therefore, due
ts extremely high viscosity and specific gravity, recovery of bitu-

en from oil sands is costly, challenging from an environmental
tandpoint, energy intensive, and time-consuming. There are two
ajor techniques currently employed for bitumen recovery, open-

it mining processes and in situ thermal recovery [2]. For open-pit
ining, huge open-pit mines are constructed using sophisticated
Please cite this article in press as: N.N. Nassar, et al., Kinetics of the catalytic t
metal  oxide nanoparticle surfaces, Catal. Today (2012), http://dx.doi.org/10

ining technologies. Then the mined ores are crushed for size
eduction and exposed to a hot water at 50–80 ◦C. After that the
ixture is transported to a separation vessel where bitumen is
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920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.04.054
recovered by flotation and gravity separation. In situ thermal recov-
ery, on the other hand, resembles the recovery of conventional
oil, whereby bitumen extraction is accomplished by drilling wells
and consequently injecting steam or generating heat which allows
the bitumen to flow to surface. For in situ combustion, or “fire
flood”, the heat is generated and propagated along the reservoir
by igniting a part of the original heavy oil-in-place and subse-
quently reduces the viscosity of the unburnt oil, thereby improving
its flow [6].  In steam injection, known as steam-assisted gravity
drainage (SAGD), the steam is used as the heat carrier to reduce
the viscosity of heavy oil, and consequently reduce the flow resis-
tance of heavy oil through porous media which increase the yield
and production rate [7,8]. Once produced to surface, bitumen or
heavy oil is transferred to surface upgrading facilities converting
low quality oil to synthetic crude oil. The high energy intensity
and negative environmental impact of unconventional oil recov-
ery and upgrading poses challenges on large scale deployment
of the current technologies. Therefore, it is necessary to search
for alternative environmentally friendly and cost-effective tech-
niques for heavy oil recovery and upgrading. As a result, in situ
upgrading of bitumen or heavy oil is an innovative environmentally
friendly approach and recently is attracting considerable attention
[9–11]. This approach uses the reservoir as a high-temperature
reactor and it is based on integrating the catalytic hydrogenation
reaction with thermal recovery methods [12–14].  This requires
placement of the catalyst deep into the heavy oil plume by trans-
hermo-oxidation of asphaltenes at isothermal conditions on different
.1016/j.cattod.2012.04.054

porting a catalyst suspension through the sand [11,15,16].  Because
of their unique properties, such as high surface area to volume
ratio, high degree of dispersion in porous media, excellent adsorp-
tion affinity and high catalytic activity, nanoparticles can be used to

dx.doi.org/10.1016/j.cattod.2012.04.054
dx.doi.org/10.1016/j.cattod.2012.04.054
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ositively impact the oil sands industry with a cost-effective and
ore environmental approach [17–22].  Our long-term research

bjective is to inject and transport the nanoparticles to the reser-
oir coupled with SAGD process, whereby nanoparticles can work
s adsorbent to separate the unstable heavy polar hydrocarbons
uch as asphaltenes by adsorbing them onto their surfaces and sub-
equently as a catalyst to produce hydrogen via catalytic steam
asification. In a recent study, we have shown that the trans-
ort of multi-metallic nanoparticles, of potential adsorption and
atalytic values, suspended in vacuum gas oil in an oil sands-
acked bed column at typical pressure and temperature of SAGD
ecovery process is feasible as neither major permeability reduc-
ion nor pore plugging were observed [11]. Nonetheless, before
ilot plant or field test performance, the adsorption and catalytic
ehavior of the nanoparticles towards heavy hydrocarbons, such as
sphaltenes have to be addressed. Although asphaltenes adsorption
nd thermal decomposition have been studied extensively [23–30],
ittle work has been performed on the adsorption and subsequent
atalytic thermal behavior of nanoparticles towards asphaltenes
18–22,31]. Further, the kinetic aspects of the thermal decomposi-
ion of asphaltenes remain practically unclear. In previous studies,
ifferent metal oxide nanoparticles were successfully employed for
dsorptive removal [21] and subsequent oxidation [18], gasifica-
ion [20] and decomposition [32] of asphaltenes at non-isothermal
onditions. Results have shown that asphaltene adsorption and
xidation/decomposition is metal oxide-specific and a correlation
etween adsorption affinity and catalytic activity of nanoparticles
as found to exist. Nanoparticles with the high adsorption affin-

ty towards asphaltenes pose high catalytic activity as well. This
tudy is a continuation and expansion on the previous studies,
hich provides new insights on the catalytic effect of nanoparti-

les on the reaction mechanism of asphaltene thermo-oxidative
ecomposition at isothermal conditions. Accordingly, the obtained
inetic data provides valuable information on understanding the
hermal behavior of asphaltenes thermo-oxidative decomposition
n presence and absence of nanoparticles.

. Experimental

.1. Materials

Co3O4 and NiO nanoparticles were obtained from Sigma Aldrich
anada, Ltd., Oakville, Ontario, Canada. Fe3O4 nanoparticles were
btained from Nanostructured and Amorphous Materials, Inc.,
ouston, TX. Table 1 provides the textural properties of the

elected nanoparticles. Details on particle property measure-
ents can be found in our previous study [21]. A vacuum

esidue from Athabasca bitumen in Alberta was employed in
his work as a source of asphaltenes. n-Heptane (HPLC grade,
igma-Aldrich) and toluene (analytical grade, EMD, MERCK, NJ)
ere used for asphaltene extraction and model heavy oil solu-

ion preparation, respectively. Details on asphaltene extraction
nd model heavy oil preparation can be found in our previous
ublications [21,33].
Please cite this article in press as: N.N. Nassar, et al., Kinetics of the catalytic t
metal  oxide nanoparticle surfaces, Catal. Today (2012), http://dx.doi.org/1

.2. Adsorption of asphaltenes onto metal oxide nanoparticles

Heavy oil model solutions were prepared by redissolving the
xtracted asphaltenes in toluene at a specified concentration

able 1
article size and surface areas of selected metal oxide nanoparticles.

Nanoparticles X-ray determined particle size (nm) Spec

Co3O4 22 ± 0.8 41 

Fe3O4 22 ± 1.5 43 

NiO  12 ± 2.3 107 
 PRESS
day xxx (2012) xxx– xxx

(ranging from 150 to 3000 mg/L). Adsorption of asphaltenes onto
different metal oxide nanoparticles was performed by exposing
fresh nanoparticles to the heavy oil model solution (i.e., toluene
containing asphaltenes). All experiments were conducted in a
batch-mode at 25 ◦C. The nanoparticle dosage was fixed at 100 mg,
and the volume of the heavy oil solution was  10 mL.  To ensure
complete equilibrium, the samples were agitated at 200 rpm by
placing them in a temperature incubator for 24 h. The nanopar-
ticles containing adsorbed asphaltenes were then removed from
the suspension by centrifugation at 5000 rpm for 15 min, and the
supernatant was decanted. After that, the nanoparticles containing
adsorbed asphaltenes were placed in a vacuum oven at 60 ◦C for
24 h to evaporate any remaining toluene. At the end, the sample
of nanoparticles containing adsorbed asphaltenes was subjected
to TGA analysis to determine the adsorbed amount of asphaltenes
from mass loss and study the catalytic effect of nanoparticles on
thermo-oxidative decomposition of asphaltenes. Details on the
adsorption procedure and analysis can be found in another pub-
lication [21], in which the results have shown that asphaltene
adsorption is metal oxide specific as the adsorption capacities, on
a surface area basis, of asphaltenes onto the meal oxide nanoparti-
cles followed the order Co3O4 > Fe3O4 > NiO; while the adsorption
affinities followed the order NiO > Co3O4 > Fe3O4 [21]. It should be
noted here that, when studying the catalytic effect of nanoparticles
on thermo-oxidative decomposition of asphaltenes, the amount of
asphaltene adsorbed per surface area of nanoparticles was kept
fixed at approximately 0.6 mg/m2 for all the selected nanoparticles.
This would eliminate the effect of surface area and pinpoint the
importance of surface functionality of the nanoparticles towards
asphaltene adsorption and subsequent oxidation. Further, at that
point, the initial concentration of asphaltene in solution was
approximately around 2000 mg/L. Accordingly, one would expect
the asphaltenes to be adsorbed on nanoparticle surface as either
single molecule or aggregate due to intermolecular interaction of
asphaltenes [33].

2.3. Thermogravimetric analysis

The decomposition kinetics of the catalytic oxidation of the
adsorbed asphaltenes over the three metal oxide nanoparticles
have been measured as time dependent mass loss by using a
simultaneous thermogravimetric analyzer (TGA/DSC) (SDT Q600,
TA Instruments, Inc., New Castle, DE, USA). For comparison pur-
poses, we  have performed thermogravimetric analysis for virgin
asphaltenes as well. Samples of ∼5–10 mg  (containing the same
amount of asphaltene adsorbed/m2 of nanoparticles) have been
placed in 40 �L Alumina pans and heated from room tempera-
ture to a specified temperature under atmosphere of nitrogen.
Once the isothermal condition was  achieved, the nitrogen was
switched to air. At this point the zero reaction time for the thermo-
oxidative decomposition was considered. The sample was left
under air atmosphere at a constant temperature until no appre-
ciable mass loss was observed. The flow rate of nitrogen or air was
kept at 100 cm3 min−1. The samples of metal oxide nanoparticles
hermo-oxidation of asphaltenes at isothermal conditions on different
0.1016/j.cattod.2012.04.054

containing adsorbed asphaltenes were heated at three different
temperatures of 280, 290 and 300 ◦C. Because of its slow kinetic
reaction rate, the virgin asphaltene samples were heated at 360,
370 and 380 ◦C.

ific surface area (BET) (m2/g) External surface area (t-plot) (m2/g)

39
37
94

dx.doi.org/10.1016/j.cattod.2012.04.054
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. Results and discussion

Thermo-oxidative decomposition of asphaltenes in the presence
nd absence of metal oxide nanoparticles were performed using a
hermogravimetric setup to obtain valuable insight on the catalytic
ffect of the selected metal oxide nanoparticles at isothermal con-
itions. Fig. 1 provides plots of the percent conversion ratio or the
xtent of reaction (˛) of asphaltenes in the presence and absence
f metal oxide nanoparticles as a function of time, where  ̨ was
stimated by Eq. (1)

 = m0 − mt

m0 − m∞
(1)

here m0 is the initial sample mass, m∞ is the final sample
ass and mt is the sample mass at any time. It should be noted

hat the reaction temperature was fixed at 300 ◦C for nanopar-
icles containing asphaltenes and 360 ◦C for virgin asphaltenes.
t is apparent from the figure that, although virgin asphaltene
hermo-oxidative decomposition was performed at a much higher
emperature, when incorporated onto nanoparticles its decomposi-
ion time decreased significantly, with lowest decomposition times
bserved in the presence of nanoparticles of NiO followed by Co3O4
nd Fe3O4. This significant decrease in reaction time shows the cat-
lytic activity of nanoparticles. Interestingly, for the same amount
f asphaltene loading, NiO appears to be the most active cata-
yst as 100% of asphaltene conversion was achieved in less than
25 min  at 300 ◦C. Then it is followed very closely by Co3O4. Actu-
lly, percent conversion profile of asphaltene thermo-oxidative
ecomposition in presence of Co3O4 matches that of NiO at the
arly beginning of the reaction and the end of the reaction. On the
ther hand, the percent conversion profile of Fe3O4 remained low
hroughout, but faster than that of virgin asphaltenes. It is impor-
ant to note that the three metal oxide nanoparticles contain the
ame loading of asphaltenes per surface area. Therefore, the dif-
erences in the catalytic activity are not only related to the surface
rea or particle size, but also related to the nature of metal oxide
s well as to the interactions between asphaltenes–nanoparticles
18]. To adequately compare the catalytic activity of the metal
xide nanoparticle towards asphaltene decomposition, a quan-
itative estimate of the activation energy and reaction rate
Please cite this article in press as: N.N. Nassar, et al., Kinetics of the catalytic t
metal  oxide nanoparticle surfaces, Catal. Today (2012), http://dx.doi.org/10

s necessary.

ig. 1. Isothermal conversion for thermal oxidation of asphaltenes at 360 ◦C without
anoparticles and at 300 ◦C in the presence of nanoparticles.
 PRESS
day xxx (2012) xxx– xxx 3

3.1. Estimation of activation energy

The overall rate of solid-state reactions is generally described by
Eq. (2) [34]

d˛

dt˛
= k(T) × f (˛) (2)

where d˛/dt˛ is the reaction rate,  ̨ is the conversion degree, k(T)
is the rate constant, t is the time, T is the temperature, and f(˛) is
the reaction model. The dependence of the rate constant is usually
described by the Arrhenius law:

k(T) = A exp
(

− E

RT

)
(3)

where E is the activation energy, A is the preexponential factor and
R is the ideal gas constant.

Using Eqs. (2) and (3),  the following expression for the reaction
rate is obtained.

d˛

dt
= A exp

(
− E

RT

)
f (˛) (4)

As seen in Fig. 1, the characteristic of the reaction profiles
(kinetic curves) for asphaltene thermo-oxidative decomposition
followed the decelerating type model. This means that reaction
rates decrease with reaction progress, as the extent of conver-
sion increases [34]. This mechanism is commonly presented in the
form of reaction order model, where f (˛) = (1 − ˛)n [34]. However,
due to its complex structure, asphaltene decomposition demon-
strates complex reaction kinetics that hardly to be described by
the single equation (4) during the non-isothermal conditions. In
this study, asphaltene thermo-oxidative decomposition was  per-
formed at isothermal conditions. Therefore, separating variables
and integrating equation (4) at isothermal conditions (constant
temperature) yields:

g(˛) =
∫̨
0

d˛

f (˛)
= A

t∫
0

exp
(

− E

RT

)
dt = A exp

(
− E

RT

)
t (5)

where g(˛) is the integral reaction model.
Taking the natural (Napierian) logarithm on both sides, Eq. (5)

can also be written in linear form as follows

ln[g(˛)] = ln(A) +
(

− E

RT

)
+ ln(t) (6)

Assuming E is constant, and after simple rearrangements Eq. (6)
can be written as follows:

ln(t˛,i) = ln
(

g(˛)
A

)
+ E

RTi
(7)

where the subscript i is introduced to denote different isothermal
temperature programs, t˛,i is the time for the reaction to reach
a conversion (˛) at different temperatures. Eq. (7) represents an
integral method for isothermal reaction conditions. The value of E
is determined from the slope of the plot ln(t˛,i) against 1/Ti. There-
fore, in this study, the estimation of activation energy was achieved
by performing different TGA experiments at different isothermal
temperature programs. Fig. 2a–d show isothermal kinetic curves
for virgin asphaltenes and asphaltenes in the presence of nanopar-
ticles of NiO, Co3O4 and Fe3O4. As seen in the figures, the kinetic
curve shifts to the left as the temperature increases, indicating
that the conversion rate increases with temperature. Fig. 3 shows
plots of ln(t) against 1/T  for the thermo-oxidative decomposition of
hermo-oxidation of asphaltenes at isothermal conditions on different
.1016/j.cattod.2012.04.054

asphaltenes in the presence and absence of nanoparticles, with the
linear correlation coefficients R2 > 0.98 for all cases. The estimated
activation energies are presented in Table 2. Clearly, the presence of
metal oxide nanoparticles with asphaltenes causes a dramatic shift

dx.doi.org/10.1016/j.cattod.2012.04.054
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ig. 2. Isothermal  ̨ time plots for thermal oxidation of asphaltenes at different tem
c)  In the presence of C3O4 nanoparticles. (d) In the presence of Fe3O4 nanoparticle

n the reaction mechanism and a significant decrease in the activa-
ion energy of thermo-oxidative decomposition. Surprisingly, in the
resence of nanoparticles, the values of activation energy followed
he sequence NiO > Co3O4 > Fe3O4. This variation in activation ener-
Please cite this article in press as: N.N. Nassar, et al., Kinetics of the catalytic t
metal  oxide nanoparticle surfaces, Catal. Today (2012), http://dx.doi.org/1

ies can be attributed to differences in reaction mechanisms and
imiting steps of the process [34]. Therefore, an estimate of the
eaction kinetic rate is deemed necessary for comparison.

ig. 3. Isothermal model fitting of thermal oxidation of asphaltenes in the presence
nd  absence of different metal oxide nanoparticles.
tures. (a) In the absence of nanoparticles. (b) In the presence of NiO nanoparticles.

3.2. Estimation of the reaction kinetic rate

The reaction kinetic can be approximately estimated from the
intercept of the plot ln(t˛,i) against 1/Ti (Fig. 3). The intercept can
be estimated from Eq. (7) as follows

ln
(

g(˛)
A

)
= ln

(∫ ˛

0
d˛/f (˛)

A

)
= ln

⎛
⎝∫̨

0

d˛

Af (˛)

⎞
⎠ (8)

Mathematically,

− ln

(∫ ˛

0
d˛/f (˛)

A

)
= ln

(
1∫ ˛

0
d˛/Af (˛)

)
(9)

The anti-natural logarithm of the right hand side of Eq. (9) is
proportional to the harmonic mean of the reaction rate (Hx), which
can be expressed as follows:

Hx = n∑n
i=11/xi

(10)

where x > 0, and n is the number of x values. Accordingly, the har-
hermo-oxidation of asphaltenes at isothermal conditions on different
0.1016/j.cattod.2012.04.054

monic mean of reaction rates is expressed as follows:

H d˛
dt

= n∑n
i=11/(d˛/dt)i

(11)

dx.doi.org/10.1016/j.cattod.2012.04.054
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Table  2
Estimated activation energy and kinetic rate for thermal oxidation of asphaltenes in the presence and absence of nanoparticles.

Material Temperature (◦C) Ea (kJ) d˛/dt (kinetic rate, 1/min) at 50% conversion

Virgin asphaltenes 360 153.34 0.005
370 0.007
380 0.011

Fe3O4-asphaltenes 280 76.11 0.015
290 0.019
300  0.026

Co3O4-asphaltenes 280 90.62 0.039
290  0.056
300 0.078
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NiO-asphaltenes 280 

290
300  

The denominator of Eq. (11) is proportional to the integral of the
eciprocal of the reaction rate as follows.

n

i=1

1
(d˛/dt)i

= k′
∫̨
0

1
d˛/dt

d  ̨ (12)

here k′ is a proportionality constant. Substituting Eq. (4) into (12)
nd rearranging yields:

n

i=1

1
(d˛/dt)i

= k′

exp(−(E/RT))

∫̨
0

1
Af (˛)

d˛ (13)

By substituting Eq. (12) into (11) one can obtain

d˛
dt

= n

k′/(exp(−(E/RT)))
∫ ˛

0
(1/Af (˛))d˛

= K exp(−(E/RT))∫ ˛

0
(1/Af (˛))d˛

= K exp(−(E/RT))
g(˛)/A

(14)

here K = n/k′. Taking the natural (Napierian) logarithm of both
ides,

n

(
Hd˛/dt

K

)
= − ln

(
g(˛)

A

)
− E

RT
(15)

Eq. (15) is related to Eq. (7).  Accordingly,

 ln(t˛,i) = ln

(
Hd˛/dt

K

)
(16)

Therefore,

d˛
dt

= K

t˛,i
(17)

As a result, one can estimate the harmonic mean of the reac-
ion rate (Hd˛/dt) by taking the reciprocal of the reaction time and
he value of K will depend on the conversion at which the estima-
ion is taken. In conclusion, the intercept of Eq. (7) is roughly an
stimation of the potential reaction rate achievable without reac-
ion barrier. On the other hand, the slope is related to the height of
he reaction barrier (i.e., activation energy). Accordingly, the esti-

ated values of reaction rate at 50% are presented in Table 2. The
esults showed that the activation energy of asphaltene thermo-
xidative decompositions decreased significantly in the presence
f nanoparticles. Further, in the presence of nanoparticles the reac-
ion kinetic rate was much faster. As seen, despite the fact that
iO has the highest activation energy it is still has the fastest
Please cite this article in press as: N.N. Nassar, et al., Kinetics of the catalytic t
metal  oxide nanoparticle surfaces, Catal. Today (2012), http://dx.doi.org/10

eaction rate. This means that the thermo-oxidative decomposi-
ion reaction mechanism of asphaltene is also metal oxide-specific.
ndeed the decomposition reaction rates followed the sequence
iO > Co3O4 > Fe3O4, which is in agreement with the order of
108.58 0.040
0.061
0.091

adsorption affinity and catalytic activity at non-isothermal condi-
tions reported in our previous studies [18,21]. This again supports
that the enhanced catalytic activity of metal oxide nanoparticles is
not only a function of surface area or particle size, but also the inter-
action between nanoparticle surface and asphaltene molecules
are of importance and can play major role in reaction mecha-
nism. Nonetheless, indeed there is still a lot to investigate about
the mechanism of enhancing the thermo-oxidative decomposition
of asphaltenes. For instance, an experimental comparison of the
concentration of the gases produced during the thermo-oxidative
decomposition of virgin asphaltenes and asphaltenes in the pres-
ence of metal oxide nanoparticles is of great importance.

4. Conclusions

In this study, kinetics of thermo-oxidative decomposition of
asphaltenes in the presence and absence of different metal oxide
nanoparticles has been investigated at isothermal conditions.
The kinetic analyses showed that an enhanced thermo-oxidative
decomposition of asphaltenes associated with a change in reac-
tion mechanism and decrease of activation energy was  achieved
in the presence of nanoparticles. Introduction of nanoparticles
in asphaltenes markedly affected the activation energy and con-
sequently the oxidation rate. All nanoparticles tested in this
study showed high oxidation rate and low activation energy for
asphaltenes oxidation in the following order NiO > Co3O4 > Fe3O4.
Differences in activation energy for different nanoparticles suggest
different reaction mechanisms.
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