Pet. Sci. (2016) 13:561-571
DOI 10.1007/s12182-016-0100-y

CrossMark

@

ORIGINAL PAPER

Kinetics and mechanisms of the catalytic thermal cracking
of asphaltenes adsorbed on supported nanoparticles

Tatiana Montoya' - Blanca L. Argel® -
Nashaat N. Nassar! + Camilo A. Franco®
Farid B. Cortés>?

3 .

Received: 28 September 2015 /Published online: 1 July 2016

© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract The production of heavy and extra-heavy oil is
challenging because of the rheological properties that crude
oil presents due to its high asphaltene content. The upgrading
and recovery processes of these unconventional oils are
typically water and energy intensive, which makes such
processes costly and environmentally unfriendly. Nanopar-
ticle catalysts could be used to enhance the upgrading and
recovery of heavy oil under both in situ and ex situ condi-
tions. In this study, the effect of the Ni-Pd nanocatalysts
supported on fumed silica nanoparticles on post-adsorption
catalytic thermal cracking of n-C; asphaltenes was investi-
gated using a thermogravimetric analyzer coupled with
FTIR. The performance of catalytic thermal cracking of n-C;
asphaltenes in the presence of NiO and PdO supported on
fumed silica nanoparticles was better than on the fumed
silica support alone. For a fixed amount of adsorbed n-C,
asphaltenes (0.2 mg/m?), bimetallic nanoparticles showed
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better catalytic behavior than monometallic nanoparticles,
confirming their synergistic effects. The corrected Ozawa—
Flynn—Wall equation (OFW) was used to estimate the
effective activation energies of the catalytic process. The
mechanism function, kinetic parameters, and transition state
thermodynamic functions for the thermal cracking process of
n-C; asphaltenes in the presence and absence of nanoparti-
cles are investigated.

Keywords Catalytic thermal cracking - Adsorption -
Nanoparticles - SHS - n-C; asphaltene

1 Introduction

Currently, fossil fuels supply approximately 82 % of the
world’s energy demand (Ghannam et al. 2012). The growing
demand for crude oil worldwide requires the exploitation of
heavy and extra-heavy crude oil deposits, which are
approximately of the same order as conventional crude oil
according to the International Energy Agency (Tedeschi
1991; IEA 2013). In fact, over the period 2014-2035,
approximately 9 % of the cumulative upstream investment is
necessary for the development of heavy and extra-heavy oil
resources (IEA 2014). For the case of Colombia, heavy and
extra-heavy crude oils represent about 45 % of the total local
oil production, and it is expected to increase to 60 % by 2018
(Colombia Energia 2013).

The oil and gas industry has avoided the exploitation of
heavy oil (HO) and extra-heavy oil (EHO) reservoirs due to
the high cost of production, transportation, and refining in
comparison with conventional crude oil production. How-
ever, in the last decade, the cost of oil and the increasing
production of HO and EHO have altered opinions about this
topic (Castaneda et al. 2014). These types of crude oil have
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disadvantages in their physical properties compared with
light crude oil, hindering production from reservoirs. This
behavior occurs because HO and EHO have extremely high
asphaltene contents, which result in high viscosities and low
specific gravities (Luo and Gu 2007). The chemical struc-
tures of asphaltenes are very complex. They are usually
defined as the fraction of oil that is insoluble in low molecular
weight n-paraffin, such as n-heptane or n-pentane, while
being soluble in light aromatic hydrocarbons, such as
toluene, benzene, or pyridine. The structures of asphaltenes
are formed by polyaromatic cores attached to aliphatic
chains containing heteroatoms, such as nitrogen, oxygen,
sulfur, and metals including vanadium, iron, and nickel
(Chianelli et al. 2007; Mullins et al. 2012; Mullins 2011;
Groenzin and Mullins 1999, 2000). Asphaltenes also contain
polar and nonpolar groups and tend to form i-mer colloids
due to their polarizability and self-associative characteristics
(Montoya et al. 2014; Bockrath et al. 1980; Wargadalam
et al. 2002; Rosales et al. 2006; Acevedo et al. 1998; Mou-
savi-Dehghani et al. 2004; Sheu et al. 1994). It has been
widely documented that the viscosity of heavy oil can dra-
matically increase due to asphaltene aggregation (Acevedo
etal. 1998; Mousavi-Dehghani et al. 2004; Sheu et al. 1994).

Accordingly, several in situ techniques have been employed
for enhancing HO and EHO recovery with the objective of
upgrading the oil and improving its viscosity and mobility.
These techniques include thermal processes, such as in situ
combustion and steam-assisted gravity drainage (SAGD)
(Cavallaro et al. 2008; Moore et al. 1999; Greaves et al. 2001;
Kumar etal. 2011; Kapadia et al. 2010; Speight 1970; Jiang et al.
2005; Fan et al. 2004; Maity et al. 2010), and cold techniques,
such as treatments using diluents like natural gas condensate
(Luo et al. 2007a, b; James et al. 2008; Castro et al. 2011;
Cavallaro et al. 2005). The latter (i.e., cold process) is used to
improve the crude oil by dilution or destabilization, and depo-
sition of the asphaltene components in the reservoir by injecting
solvents that have a direct impact on viscosity reduction (Luo
et al. 2007b; Cavallaro et al. 2005). The more frequently
employed thermal techniques for heavy oil upgrading address
breaking the heavier compounds of oil using combustion pro-
cesses (Moore et al. 1999; Cavallaro et al. 2008), low-temper-
ature oxidation (Xu et al. 2000; Wichert et al. 1995),
aquathermolysis (Jiang et al. 2005; Fan et al. 2004; Maity et al.
2010), and pyrolysis, also called thermal cracking or thermolysis
(Speight 1970; Kumar et al. 2011; Monin and Audibert 1988;
Nassar et al. 2013a). However, most of these techniques do not
exceed 20 %25 % oil recovery or 50 % for the steam-assisted
gravity drainage (SAGD) process (Butler 1998; Nasr et al. 2003;
Hashemi et al. 2013). Nanoparticle technology has emerged as
an alternative with a great potential to improve the previously
mentioned techniques and increase oil recovery (Hashemi et al.
2014a, b, c; Galarraga and Pereira-Almao 2010; Hashemi et al.
2012; Franco et al. 2013a, b, 2014; Hosseinpour et al. 2014).
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Because of their small sizes, high surface area/volume ratios,
and tunable chemical characteristics, nanoparticles have
exceptional adsorptive and catalytic properties and can be
employed for in situ adsorption and post-adsorption catalytic
cracking of heavy hydrocarbons, such as asphaltenes (Nassar
et al. 2011a, b, ¢, d, e, 2012a, b, 2013b, 2014; Nassar 2010;
Franco et al. 2013c; Hosseinpour et al. 2014; Hashemi et al.
2014c). It has been demonstrated that with advanced research,
nanoparticles can be used to sustain the heavy oil industry via the
development of environmentally sound processes with cost-ef-
fective approaches. For in situ applications, previous studies
have provided useful information about the catalytic effects of
transition metal oxide and supported nanoparticles on asphal-
tene gasification (Nassar et al. 201 1a, 2015a; Franco et al. 2014),
pyrolysis (Nassar et al. 2012b), and oxidation (Franco et al.
2013b, 2015; Nassar et al. 2011b, ¢, d, e, 2012a, 2013b, 2014).
This work continues previous work (Franco et al.
2013b, 2014, 2015), and it aims at employing NiO and/or
PdO nanoparticles supported on fumed silica nanoparticles
for post-adsorption catalytic thermal cracking of n-C;
asphaltenes. The kinetic study of the thermal cracking of
asphaltenes in the presence and absence of nanoparticles
was carried out using the isoconversional method. In
addition, the mechanism function, kinetic parameters, and
transition state thermodynamic functions for the thermal
cracking process of n-C; asphaltenes in the presence and
absence of nanoparticles are reported for the first time. This
work provides potential applications of nanoparticle tech-
nology for heavy oil catalytic upgrading and recovery,
which could be a viable alternative green technology.

2 Experimental
2.1 Materials

A sample of “Capella” HO (Putumayo, South of Colom-
bia) was used as the source of n-C; asphaltenes. This HO
sample has an API of 10.5° (specific gravity: 0.996;
asphaltene content: 9 wt%) and viscosity of 4.7 x 10° cP
at 25 °C. n-Heptane (99 %, Sigma-Aldrich, St. Louis, MO)
was used as a precipitant for isolating solid virgin n-C;
asphaltenes from crude oil by following the standard pro-
cedure reported in previous studies (Franco et al. 2013b;
Nassar 2010). Toluene (99.5 %, Merck KGaA, Germany)
was used to prepare heavy oil model solutions. Fumed
silica (S) nanoparticles were purchased from Sigma-
Aldrich. Distilled water and salt precursors of
Ni(NO3),(6H,0) (Merck KGaA, Germany) and Pd(NO3),
(Merck KGaA, Germany) were used for nanoparticle
functionalization.

The functionalized nanoparticles were prepared fol-
lowing the procedure developed in a previous study
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(Franco et al. 2013b). Briefly, NiO and/or PdO supported
on silica nanoparticles were prepared by the incipient
wetness method (Ertl et al. 2008), where the support
nanoparticles were exposed to the corresponding aqueous
solutions of Ni(NOj3), and/or Pd(NO3), followed by drying
at 120 °C overnight and calcination for 6 h in air at
450 °C. The amount of NiO and/or PdO on the support was
controlled to 1 wt%—2 wt% by changing the concentration
of aqueous solutions of the corresponding nitrate. The
functionalized nanoparticles were labeled by the initial
letter of the support (S for 7 nm silica nanoparticles) fol-
lowed by the symbol of the cation of the resulting metal
oxide after the calcination process and the weight per-
centage of the precursor hydroscopic salt used. The hybrid
nanomaterials obtained in this study are called supported
hygroscopic salt (SHS). Thus, nanoparticles of SNiXPdY
with 1 wt% PdO and 1 wt% NiO were denoted SNilPdl.

Table 1 lists the measured BET surface areas (Sggt) and
mean crystallite sizes of the nanoparticles considered in
this study. The Sggr was measured via nitrogen
physisorption at —196 °C using an Autosorb-1 from
Quantachrome after outgassing samples overnight at
140 °C under high vacuum (10~° mbar). The mean crystal
size of the nanoparticles was measured by applying the
Debye-Scherrer equation to the primary XRD peak. XRD
patterns were recorded with an X’Pert PRO MPD X-ray
diffractometer from PANalytical using Cu Ko radiation
operating at 60 kV and 40 mA with a 0/20 goniometer.
Additional information about nanoparticles characteriza-
tions can be found in previous studies (Franco et al.
2013b, 2014; Nassar et al. 2015b).

2.2 Methods
2.2.1 Adsorption experiments

Bath-mode adsorption experiments were carried out at a
temperature of 25 °C using a set of 50-mL glass beakers by
adding a fixed amount of nanoparticles to the heavy oil
model solutions at a nanoparticle-to-solution ratio of
100 mg to 10 mL and different initial concentrations (C;)
of n-C; asphaltenes and mixing for 24 h, as described
elsewhere (Franco et al. 2013b, 2014, 2015). Then, the
nanoparticles with the adsorbed asphaltenes were separated

from the mixture by centrifugation at 4000 rpm for 30 min
to guarantee the maximum recovery of the material (Franco
et al. 2015). After that, the nanoparticles containing
adsorbed asphaltenes were dried to remove any traces of
toluene. At this stage, the nanoparticles containing adsor-
bed asphaltenes were ready for the thermal analysis
experiment. The amount of asphaltenes adsorbed ¢ (mg of
n-C; asphaltenes/m? dry surface area of nanoparticles) was
obtained by mass balance (Franco et al. 2013b, 2014).

2.2.2 Thermogravimetric analysis of virgin and adsorbed
n-C; asphaltenes

The dried nanoparticles with adsorbed asphaltenes were
subjected to catalytic thermal cracking at temperatures up
to 800 °C in a thermogravimetric analyzer Q50 (TA
Instruments, Inc., New Castle, DE) at three different
heating rates of 5, 10, and 20 °C/min in an Ar atmosphere.
The flow of the inert gas was kept constant at 100 cm®/min
throughout the experiment. The sample mass was kept at
approximately 5 mg to avoid diffusion limitations (Nassar
et al. 2013a). The selected nanoparticles for TGA experi-
ments had the same loading of asphaltenes per unit surface
area of 0.2 mg/m?. The gases produced by the thermal
cracking process were analyzed via Fourier Transform
Infrared Spectroscopy using an online spectrophotometer
IRAffinity-1 (Shimadzu, Japan) coupled to the TGA and
operating in transmission mode in the range of
4000-400 cm ™" at a resolution of 2 cm™" with 16 scans/
min (Franco et al. 2014, 2015; Nassar et al. 2015a). After
the thermal cracking process, oxidation under an air flow of
20 °C/min from 100 to 800 °C was conducted to estimate
the coke yield (Franco et al. 2014). All experiments were
performed in duplicate to confirm reproducibility.

2.3 Theoretical considerations
2.3.1 Estimation of effective activation energy

The corrected Ozawa-Flynn—Wall equation (OFW) was
used to estimate the effective activation energies; assuming
that, for a constant reaction conversion, the reaction rate
[Eq. (1)] is a function of the state and the temperature
(Vyazovkin et al. 2011; Nassar et al. 2014).

Table 1 Estimated particle

Sger (£0.01, m?/g)

dp-NiO (0.2, nm) dp-PdO (40.2, nm)

Material

sizes and surface areas of the

selected nanoparticles S 389
SNi2 234
SPd2 205
SNilPdl1 202

29 -
_ 4.1
1.3 22

@ Springer



564

Pet. Sci. (2016) 13:561-571

G, exp(— ), (1)

where A, is the pre-exponential factor, s~'; E, is the
effective activation energy for a constant conversion,
kJ/mol; R is the ideal gas constant, J/(mol K); T is the
reaction temperature, K, and « is the reaction conversion as
described by Eq. (2):
o =0 M 2)
mo — my
where my is the initial mass of the sample, m; the final mass
of the sample, and m, is the mass at a given temperature.
Defining the heating rate as § = d7'/dr and after integrat-
ing, Eq. (3) is obtained:
(@ " da /TA“ exp(—E,/RT)
gla) = — = - = 7
o f(o) 0 B
The right-hand side of Eq. (3) is solved via a commonly
employed approach for isoconversional methods by defin-
ing x = —E,/RT and applying the Doyle approximation
(Doyle 1961, 1965). After rearrangement, the effective
activation energy at each value of o can be estimated from
the slope of the linear fit from the plot of In(f) against 1/T
according to Eq. (4) (Ozawa 1965; Flynn and Wall 1966;
Nassar et al. 2014):

AE, E,
In(f) = In <205-54R-g(oc)> —1.052 7. 4)

The error in the estimation of E, due to Doyle’s
approximation is corrected using a correction factor as
shown in Eq. (5§) (Nassar et al. 2014; Opfermann and
Kaisersberger 1992; Flynn 1983):

dr. (3)

Eycorrected = E/ F (Xim) (5)
with
Xm = Ey/RT), (6)
and

7770439 + x,,
F(x) = 0.94961 (1 + X )

1 +4.56092x,, + 0.48843x2,
(7)

where T, is the mean temperature at the determined value
for the selected o, K.

2.3.2 Estimation of the thermodynamic parameters
of the transition state functions

The thermodynamic parameters of the transition state

functions, such as changes in the Gibbs free energy (AGi),
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enthalpy (AHi), and entropy (ASi) of activation, are of
importance for understanding the catalytic role of the SHS
nanoparticles. A conversion of 50 % at a fixed heating rate
of 5 °C/min was used for the estimation of the thermody-
namic parameters at the respective temperature, 7, (K).

Hence, AG3t can be estimated as follows:
AGF = AHF — T, A%, (8)

where AHY can be approximated to AH t=pgt- RT,, with

Et as the effective activation energy at the selected T,
(Nassar et al. 2014). In addition, after rearrangement of the
Arrhenius and Eyring equations (Nassar et al. 2014; Roo-

ney 1995; Young 1966; Sestak 1984), ASi can be esti-
mated as follows:

T Ah
AS* =RIn (eT,,kB)’ 9)

where /1 (6.6261 x 107** J s) is the Planck’s constant, e
(2.7183) is the Neper number, and kg (1.3806 x 107> J/K)
is Boltzmann’s constant. The pre-exponential factor A can be
estimated from the intercept of the linear plots of In[g()]
againstIn(f) according to Eq. (4) (Nassaretal. 2014). The n-
order kinetic expressions (1 —a) "' — 1 and L (1—a)"
were used for the estimation of the best-fit chemical reaction
models g(a) and f (a), respectively. n is the mechanism order
and was estimated as the value where the slope and the R? of
the linear plots of In[g(o)] against In(f3) are equal to —1.0 and
1.0, respectively (Nassar et al. 2014).

3 Results and discussion

3.1 Asphaltene adsorption onto fumed silica
and SHS

n-C; asphaltene adsorption on the surface area-normalized
basis was higher for the SHS nanoparticles than for the
fumed silica support, and it followed the order
SNilPd1l > SNi2 > SPd2 > S (Franco et al. 2014). This
result was attributed to the synergistic effects of NiO and
PdO, which have different selectivities toward the asphal-
tene compounds. As the purpose of this study is to inves-
tigate the role of nanoparticles in the catalytic thermal
cracking of adsorbed asphaltenes, we will limit our dis-
cussion on the role of the nanoparticles as nanocatalysts.
Detailed discussion of the roles of the nanoparticles as
adsorbents for n-C; asphaltenes and full descriptions of the
adsorption isotherms can be found in a previous study
(Franco et al. 2014).
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3.2 Catalytic thermal cracking of n-C; asphaltenes

3.2.1 Rate of mass loss of n-C; asphaltenes in the presence
and absence of silica nanoparticles

Figure 1 shows the rate of mass loss of virgin n-C;
asphaltenes and n-C; asphaltenes in the presence of silica
nanoparticles in the thermal cracking reaction. As shown,
virgin asphaltene decomposition started at approximately
310 °C and finished at approximately 660 °C with a
maximum mass loss rate at approximately 448 °C. These
findings are in very close agreement with those reported by
Nassar et al. (2012b) for the pyrolysis of asphaltenes
extracted from a vacuum residue from Athabasca EHO;
they found that thermal decomposition occurred between
300 and 700 °C. The n-C; asphaltenes thermal decompo-
sition could be fractionated into three steps: (1) the
breaking of intermolecular associations, loss of short alkyl
chains, and weak chemical bonds such as sulfur bridges
(Trejo et al. 2010) at temperatures lower than 350 °C; (2)
the rupture of longer alkyl groups and the opening of the
PAHS between 350 and 500 °C; and (3) coke formation at
temperatures above 500 °C (Nassar et al. 2012b). The
catalytic effect of the silica nanoparticles is also found in
Fig. 1. The catalytic thermal decomposition of n-Cy
asphaltenes in the presence of silica nanoparticles can be
divided into two main regions: one from 300 to 500 °C and
a second one from 500 to 800 °C. The first region corre-
sponds to the breaking of the alkyl side chains and the
PAHs. In this region, the maximum peak of the rate of
mass loss was shifted to the left by approximately 40 °C, in
comparison with that of virgin n-C, asphaltenes, indicating
that the reactions involved in this stage took place earlier
than those for the virgin n-C; asphaltenes. However,
according to the rate of mass loss above 500 °C, it seems
that some addition reactions occurred in the first stage and

0.07
0.06
0.05
0.04

0.03

Deriv. weight, %/°C

0.02 A

0.01 A

0.00

0

Temperature, °C

Fig. 1 Rate of mass loss of n-C; asphaltene in thermal cracking
reaction in the presence and absence of fumed silica nanoparticles.
Amount adsorbed = 0.2 mg/m?; argon flow = 100 cm>/min, heating
rate = 10 °C/min

the decomposition of the resultant compounds took place at
up to 800 °C, indicating that silica nanoparticles could lead
to less coke formation in comparison to virgin n-C;
asphaltenes.

For the functionalized nanoparticles, Fig. 2 shows the
plot of the rate of mass loss of monometallic SNi2 and
SPd2. As shown, two peaks were found below 660 °C for
both SNi2 and SPd2. For SNi2 nanoparticles, the first peak
appeared near to 300 °C, and the second one (main peak)
was shifted to the left by approximately 30 °C in com-
parison with the main peak of the virgin n-C; asphaltenes.
These results indicated that SNi2 nanoparticles had a
higher catalytic effect on the n-C; asphaltene thermal
cracking than the silica support. For SPd2 nanoparticles,
the first peak appeared near 210 °C, and the second one
was in the same position as that for the SNi2 nanoparticles.
It is worth mentioning here that the magnitude of the first
peak was about one-third higher than that of the second
peak, indicating that more components were decomposed
in this region (the first peak). This result is in agreement
with a previous work on the oxidation of n-C; asphaltenes
that showed asphaltene decomposition in the presence of
SPd2 took place at temperatures near to 220 °C (Franco
et al. 2013b). For both monometallic SHS, at temperatures
higher than 660 °C, it can be found that some addition
reactions could occur. However, with SPd2 nanoparticles,
only a small peak appeared at 720 °C, and then, the rate of
mass loss drop off to zero, indicating that monometallic
SHS functionalized with PdO can lead to the suppression
of coke formation.

Figure 3 shows the plot of the rate of mass loss for n-C;
asphaltenes in the presence of SNilPd1 nanoparticles. The
synergistic effect of the NiO and the PdO was clearly
found. Two mean peaks appeared at 220 and 300 °C,
showing that the selectivity of NiO and PdO for certain
components can greatly enhance the catalytic activity. In

0.025 1 r 0.07

= === SN2

——— SPd2 - 0.06
o 0024 Virgin asphaltenes 7 (@)
g ! - 0.05 %
R S
& 00151 004 E
= =2
() ()
2 0.01 4 F0.03 =
Z Z
) F0.02 @
0 0.005 e

- 0.01

0.00 0.00

0 200 400 600 800

Temperature, °C

Fig. 2 Rate of mass loss of n-C; asphaltene via thermal cracking in
the presence and absence of monometallic SHS (SNi2 and SPd2).
Amount adsorbed = 0.2 mg/m?; argon flow = 100 cm®/min, heating
rate = 10 °C/min

@ Springer



566

Pet. Sci. (2016) 13:561-571

0.016 7 —--—SNitPd1 [ oo7

0.014 4 — Virgin asphaltenes L 0.06
9 0.012 g-)
§ . r 0.05 §
— 001 A o
.g’ r 0.04 _g)
2 0.008 A .
2 L 003 =
< 0008 o 2
2 L =
O 0.004 -2
a a

0.002 - r 0.01

0 0
0 200 400 600 800

Temperature, °C

Fig. 3 Rate of mass loss of n-C; asphaltene via thermal cracking in the
presence and absence of bimetallic SHS. Amount adsorbed = 0.2 mg/
m?; argon flow = 100 cm*/min, heating rate = 10 °C/min

70 7
61.2 %

60 -

X 50
2
E" 40 A
Q9
> i 9
_94’ 30 24.9 %
8 201
10 1
0.22 % 0.06 % 0
0- == - ‘
n-C7 S SNi2 SPd2 SNi1Pd1
asphaltenes

Fig. 4 Coke yield after the thermal cracking process of n-C;
asphaltenes in the presence and absence of the evaluated
nanoparticles

addition, a third small peak appeared at 530 °C that was
associated with the decomposition of the new compounds
from the addition reactions. For temperatures above
660 °C, no mass loss was observed, indicating that
bimetallic nanoparticles were useful for the suppression of
coke formation with a better efficiency than SPd2
nanoparticles.

3.2.2 Presence and absence of nanoparticles

The n-C; asphaltene thermal cracking could lead to dif-
ferent solid and gaseous sub-products to different extents
depending on the system evaluated. As the temperature
increases, radical species may be stabilized to form new
lighter compounds, such as hydrocarbons with lower
molecular weights, CO and CO,, among others (Savage
et al. 1985; Ali and Saleem 1991; Hosseinpour et al. 2014).
However, the recombination of free radial species leads to
addition reactions that result in changes to the chemical
structures of the n-C; asphaltenes and, therefore, result in
heavier and more refractory compounds than the initial n-
C; asphaltenes (Alshareef et al. 2011; Habib et al. 2013;
Sanford 1994).

@ Springer

The coke yield after the thermal cracking process was
evaluated for the virgin n-C; asphaltenes and the n-C,
asphaltenes in the presence of the evaluated nanoparticles.
Reactions, such as addition of olefin free radicals (Gray and
McCaffrey 2002), cross-linking between aromatic clusters
(Habib et al. 2013), and bridging of aromatics by alkyl
chains (Alshareef et al. 2011), were likely to be responsible
for the formation of more refractory compounds. Figure 4
shows the results obtained for coke yield of the five eval-
uated samples. As shown, the presence of nanoparticles
significantly reduced the coke formation compared with the
virgin n-C; asphaltenes. In the presence of S nanoparticles,
the coke yield was reduced by approximately 47 % com-
pared with the virgin asphaltenes. However, with the
functionalized nanoparticles, the inhibition of coke for-
mation was greatly enhanced, with reductions greater than
99 % for all the SHS. It is worth mentioning here that
synergistic effects were also found for the bimetallic SHS
SNil1Pdl1, resulting in 100 % inhibition of coke formation
with this material, presumably due to the inhibition of n-C;
asphaltene self-association on the nanoparticle surfaces
(Franco et al. 2015).

The thermal cracking reactions of virgin n-C,
asphaltenes and n-C; asphaltenes in the presence of
SNilPdl nanoparticles were selected for gaseous product
analysis. Figure 5 shows the evolution of CO,, light
hydrocarbons (LHC), and CH, during the thermal cracking
of n-C; asphaltenes in (a) the absence of and (b) the
presence of SNilPdl nanoparticles at a fixed heating rate
of 10 °C/min. As shown, the gas profile followed, to some
degree, the shapes of the mass loss rate curves for the
virgin n-C; asphaltenes and the n-C; asphaltenes with
SNilPd1 nanoparticles, confirming the catalytic activity of
the bimetallic SHS toward n-C; asphaltene thermal
decomposition. Figure 5 also showed that, in both cases,
the amount of CO, produced was higher than the produc-
tion of LHC and CHy4. The results are in agreement with
that by Hosseinpour et al. (2014), who evaluated the
pyrolysis of n-C; asphaltenes in the presence of NiO and
found that the CO, production was higher than that of
hydrocarbons. The production of CO, could be attributed
to two main oxygen sources: i) lattice oxygen from the
SHS and ii) the oxygen content of the asphaltenes (Hos-
seinpour et al. 2014). Free carbon radicals could react with
the oxygen released from O-containing functional groups
in the n-C; asphaltene structures to form CO; the CO was
chemisorbed on the catalyst surface, and after reaction with
the surface oxygen, it is desorbed as CO,. The oxygen
content in the n-C; asphaltene structures and the mobility
of the lattice oxygen in the adsorbent structures play
important roles in the stabilization of free radicals, the
formation of carbon oxides and, subsequently, the sup-
pression of coke formation. Thus, because the coke yield
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Fig. 5 Profiles of CO,, LHC, and CH,4 evolution during thermal cracking of virgin n-C; asphaltenes (a) and n-C; asphaltenes in the presence of
SNil1Pd1 nanoparticles (b). Amount adsorbed = 0.2 mg/m?; argon flow rate = 100 cm®/min; heating rate = 10 °C/min

was minimized with SHS, one can infer that the lattice
oxygen in the functionalized nanoparticles is more mobile
and more prone to react than the oxygen in the support.

3.3 Estimation of the effective activation energies

The effective activation energies (E,) were estimated by
the isoconversional OFW method. Panels a—e in Fig. 6
show the percentage of conversion as a function of tem-
perature for (a) virgin n-C; asphaltenes and asphaltenes in
the presence of (b) fumed silica, (c) SNi2, (d) SPd2, and
(e) SNilPdl nanoparticles at different heating rates of 5,
10, and 20 °C/min. As shown, for all the materials, the gap
between the three curves at different heating rates was
almost constant, and there was no overlapping, which
allows for the successful use of the OFW method avoiding
the risk of the calculation with underestimated values.
Taking a fixed heating rate of 10 °C/min for comparison,
the catalytic effect of the nanoparticles could be found via
the higher conversion at lower temperatures. For a fixed
conversion of 40 %, the catalytic activity follows the order
of SNilPdl > SPd2 > SNi2 > S, and for all the nanopar-
ticles, the temperature of n-C, asphaltene decomposition
was lower than that of the virgin n-C; asphaltene
decomposition.

Figure 7 shows E, for the thermal cracking of n-C;
asphaltenes with different nanoparticles and of the virgin n-
C; asphaltenes as a function of the degree of conversion
estimated by Eq. (5). It was found that E, was not the same
for all the conversion degrees, indicating that the n-C;
asphaltene thermal cracking was not a single-mechanism
process (Nassar et al. 2014), due to different reaction paths
might occur, such as aromatization, dealkylation, frag-
mentation, isomerization, and/or rupture of naphthene rings
(Siddiqui 2010). For the virgin n-C; asphaltenes, the

activation energy varied between 117 and 195 kJ/mol,
while for SNi1Pd1, E, ranged between 55 and 170 kJ/mol.
When the conversion percentage was less than 50 %, the
general trend for the effective activation energy was
SNilPdl =~ SPd2 < SNi2 < S < virgin n-C; asphaltenes.
However, when the conversion percentage was above
60 %, the trend for E,. ¢y Wwas virgin asphalte-
nes < SNilPdl =~ SPd2 < SNi2 =~ S. This results might
be attributed to the addition reactions mentioned above that
lead to decomposition of the new compounds at tempera-
tures higher than that for virgin n-C; asphaltenes decom-
position. It is worth mentioning that, for the thermal
cracking of n-C; asphaltenes with nanoparticles function-
alized with PdO, the values of E, never reached the highest
value of E, for virgin n-C; asphaltenes, confirming that,
with these nanoparticles, the addition reactions were sup-
pressed, and there was little formation of components with
larger molecular weights than the virgin n-C; asphaltenes.

3.4 Thermodynamic parameters of the transition
state functions

The kinetic parameters and thermodynamic properties of the
transition state functions for the thermal cracking of n-C;
asphaltenes in the presence and absence of the nanoparticles
were studied following the procedure described in Sect. 2.3
and are presented in Table 2. As shown, the values of
mechanism order n ranged from 1.5 to 10 with the slope
values between —1.07 and —0.97 for R? = 0.99. However, it
is worth mentioning that the values of n > 4 lack chemical
significance and were only used as fitting parameters for the
description of the kinetic equation and the estimation of the
thermodynamic properties. This is because the chemical
compositions and structures are very complex and can result
in a series of unidentified simultaneous reactions.
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Additionally, different values of n imply that the thermal
cracking of n-C; asphaltenes in the presence or absence of
the nanoparticles is not a single-mechanism process, highly
dependent on the chemical nature of the nanoparticles.
Table 2 shows that the trend of the change in the enthalpy

(AHi) of activation follows the order of virgin n-C,
asphaltenes > S > SNi2 > SPd2 > SNilPdl, indicating
that the highest catalytic effect was obtained with the

bimetallic SHS as its reduction in AH* was highest among
the evaluated systems; the same trend can be found for Gibbs

free energy (AGi). In addition, according to the negative
values of the entropy AS i, it can be inferred that the entropy



Pet. Sci. (2016) 13:561-571

569

Table 2 Kinetic parameters and thermodynamic properties of the transition state functions for the thermal cracking of n-C; asphaltenes in the

presence and absence of SHS for a fixed value of o = 50 %

Material n Slope  R? A, x107° 57! Kinetic equation Ast , Jmol K)  AHE , kiimol  AGT |, KJ/mol
Virgin n-C; asphaltenes 1.5 —1.00 0.99 1.76 dd,az =24, exp(f %)(1 _ 1)3/2 —160.22 179.99 115.86
'3
S 5 107 099 2805 o — Leoxp(—£) (1 - a)° —137.00 176.09 97.45
1t
SNi2 7 —1.01 099 39.84 ddi = exp(f 1%)(1 — 1)8 —133.65 143.39 90.22
t
SPd2 9 —1.02 099 2647 % = exp(— %)(] — o{)“’ —136.05 129.03 81.49
'
SNilPd1 10 —0.97 0.99 5.91 % = 6eXp(_ %)(1 — OC)” —147.91 130.59 78.31
1
of the activated state is lower than that of the initial state =~ Acknowledgments The authors acknowledge COLCIENCIAS,

(Nassar et al. 2014).

4 Conclusions

This study provides important insights into the effects of NiO
and PdO supported on fumed silica nanoparticles on the
thermal cracking of n-C; asphaltenes. The catalytic thermal
cracking process was performed using a TGA/FTIR system.
The reaction kinetics were studied using the isoconversional
Ozawa—Flynn—Wall (OFW) corrected method. The mecha-
nism function, kinetic parameters, and transition state ther-
modynamic functions for the thermal cracking of n-C;
asphaltenes were nanoparticle dependent. PdO supported on
silica nanoparticles showed better catalytic activity than NiO
supported on silica nanoparticles. Nevertheless, bimetallic
nanoparticles (NiO and PdO) supported on silica nanopar-
ticles showed the highest catalytic activity. The excellent
behavior of the bimetallic nanoparticles could be attributed
the synergistic effects of NiO and PdO on the silica surface,
which leads to higher selectivity than the independent effects
of the monometallic ones. The computational kinetics study
of n-C; asphaltenes thermal cracking in the presence and
absence of nanoparticles were carried out using the isocon-
versional method. The reaction kinetic parameters, namely,
activation energy (E,), the pre-exponential factor (4,) and
the most probable mechanism functions f (o) were deter-
mined. Thermodynamic transition state parameters, namely,

changes in Gibbs free energy of activation (AGi), enthalpy

of activation (AH i), and entropy of activation (ASi) were
also calculated through kinetic parameters. Bimetallic (NiO
and PdO) supported on silica nanoparticles showed the
highest catalytic activity toward n-C; asphaltenes thermal
cracking, confirmed by the lowest effective activation
energy trend and lowest values of reaction temperature,

AHY ,and AG?. This work provides new insights into the use
of nanoparticles for enhancing the in situ heavy and extra-
heavy oil upgrading and recovery processes.
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