UNIVERSIDAD
& NACIONAL
¥ DE COLOMBIA

SEDEMEDELLIN
FACULTAD DE MINAS

DYNA

http://dyna.medellin.unal.edu.co/

Adsorption and catalytic oxidation of asphaltenes in fumed silica
nanoparticles: Effect of the surface acidity

Camilo Andrés Franco-Ariza, Juan David Guzman-Calle & Farid Bernardo Cortés-Correa
Facultad de Minas, Universidad Nacional de Colombia, Medellin, Colombia. caafrancoar@unal.edu.co, jdguzmanc@unal.edu.co, fbcortes@unal.edu.co
Received: March 11™, 2016. Received in revised form: April 15", 2016. Accepted: May 25", 2016

Abstract

This study aims to evaluate the effect of surface acidity of fumed silica nanoparticles in adsorption and subsequent thermal cracking of
Colombian asphaltenes. The acidities of the surfaces were established through Temperature Programed Desorption (TPD) experiments.
The adsorption equilibrium of asphaltenes was determined using a static batch method, and the data obtained was fitted using the Langmuir
model, the Freundlich model and the SLE Model. Asphaltenes catalytic oxidation experiments were conducted, and it was found that this
process was surface nature dependent. In all cases, the temperature of asphaltenes oxidation was reduced regarding the virgin asphaltene
sample. The effective activation energies were estimated with the iso-conversional OFW method. This energy was found to be related to
adsorption affinity and asphaltenes self-association on nanoparticles surface.
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Adsorcidn y oxidacion catalitica de asfaltenos en nanoparticulas de
silice fumarica: Efecto de la acidez superficial

Resumen

Este trabajo busca evaluar el efecto de la acides superficial de nanoparticulas de silice fumarica en la adsorcion y craqueo térmico de
asfaltenos colombianos. La acidez de las superficies fue determinada a través de pruebas TPD. Los experimentos de adsorcion fueron
elaborados utilizando un método por lotes y los datos obtenidos fueron ajustados al modelo de Langmuir, al modelo de Freundlich y al
modelo SLE. Se llevé a cabo la oxidacion catalitica de los asfaltenos y se encontrd que este proceso era dependiente de la superficie en que
se llevaba a cabo. En todos los casos, la temperatura de oxidacion de los asfaltenos fue reducida en consideracion con los asfaltenos
virgenes. Las energias de activacion fueron estimadas con el método isoconversional OFW. Se encontr6 que esta energia esta relacionada
con la afinidad del proceso adsortivo y la auto-asociacion de los asfaltenos en la superficie de la nanoparticula

Palabras clave: asfaltenos; isotermas de adsorcion; craqueo térmico; nanoparticulas; modificacion superficial.

1. Introduction worthwhile noting that Extra-Heavy Oil (EHO) reserves

correspond to 32% of world oil reserves [2]; therefore, it is

According to a projection made by the Organization of the
Petroleum Exporting Countries (OPEC), a growth in energetic
global demand of at least 50% is expected over the next decades
[1]. Demand will increase from 267.6 million barrels of oil
equivalent per day (mboe/d) in 2013 to 399.4 mboe/d in 2040
[1]. In this year it is also expected that 53% of this demand will
be supplied by hydrocarbon industry [1]. In this scenario, it is

necessary to investigate about this kind of crude oil could as an
alternative to supplying the energy demand. EHO have a lot of
heavy hydrocarbon compounds such as asphaltenes that reduce
the American Petroleum Institute gravity (°API) and drastically
increase oil viscosity [3,4]. Therefore, asphaltenes are defined as
the heaviest fraction of the crude oil soluble in aromatics
hydrocarbons, but it is insoluble in alkanes such as n-pentane
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and n-heptane [5, 6]. Generally, it has a polyaromatic core that
is attached to alkyl chains and heteroatoms like O, N, S, Ni, V
and Fe [7-10]. Some problems associated with these compounds
are the reduction of oil mobility at reservoir conditions, changes
in the reservoir wettability, and their deposition over refining
equipment [11]. Typically, asphaltenes are removed by solvent
injection, vapor injection, or mechanically [12-14], but these
techniques, in most the cases, can lead to re-deposition and then
a lower Energy Return On Investment (EROI) [15]. In summary,
the presence of asphaltenes can affect production, transportation
and the refinery processes, involving a large amount of capital
and operational costs because conventional recovery techniques
cannot be used effectively [16].

In this sense, new cost-effective and environmentally
friendly  technologies that enhance EHO from
unconventional resources with lower operational and capital
costs are a priority. As such, nanoparticles have recently
become an area of research that is attractive for the oil
industry [5, 16-26]. The adsorption and subsequent thermal
decomposition of asphaltenes onto surfaces of nanoparticles
was first introduced by Nassar and colleagues [5,16,17,26-
31]. In his earlier study [5], he investigated the effect of
different metal oxides in the adsorption process and post-
oxidation, pyrolysis or gasification of asphaltenes. He found
that these processes are adsorbent specific. Recently, at the
Universidad Nacional de Colombia, several studies have
been conducted on functionalized nanoparticles for
asphaltenes adsorption and post-decomposition
[19,20,23,25].

A in-depth and extensive investigation into different key
variables, such as asphaltenes’ chemical structure and
nanoparticles functionalities will provide insight into the
mechanism and behavior of nanoparticles’ efficiency as
catalysts and inhibitors. This will result in enhanced oil
recovery techniques and quality improvements. For this
reason, this paper is the continuation of our work, and its
primary objective is to modify the fumed silica nanoparticles
surface in order to obtain different acidities and then evaluate
their effect on the adsorption and catalytic oxidation of
asphaltenes. Also, a correlation between the calculated
effective activation energies and the Langmuir model, the
Freundlich model, and the SLE model parameters are
presented to provide a better understanding of the role of the
adsorption process in asphaltenes catalytic decomposition.

2. Materials and methods
2.1. Materials

A Colombian crude oil with 7.9°API, a viscosity of
595688 cP at 25°C, and approximately 13 wt% of asphaltenes
content is used as the asphaltenes source. These were
extracted by n-Heptane (99%, Sigma-Aldrich, St. Louis,
MO). Toluene (99.5%, MerkK GaG, Germany) was used to
prepare heavy oil model solutions. Fumed silica
nanoparticles, HCI (37%), and NH4OH (28%) were used for
superficial modifications and were purchased from Sigma-
Aldrich (St. Louis, MO). To determine superficial acidity,
10% NHs/He and He (99.9%) gasses were provided by Linde
(Medellin, Colombia).

2.2. Methods
2.2.1. Asphaltenes extraction

Solid n-C7 asphaltene was extracted from the crude oil by
adding an excess amount of n-heptane following a standard
procedure described in previous studies [5, 19]. 40 mL of n-
heptane are added to the crude oil per every gram of it that was
used. The mixture is sonicated for 2 h at 25°C and then stirred
at 300 rpm for 20 h. Samples are further centrifuged at 5000
rpm for 15 min. The precipitated is filtered through 8 um
Whatman filter paper and washed with n-heptane until the color
of the asphaltenes became shiny black. Finally, the asphaltenes
obtained were homogenized and fined using a mortar and left
to dry in a vacuum oven at room temperature (RT) for 12 h.

2.2.2. Nanoparticles surface modification

The nanoparticles’ surface is modified to neutral, basic or
acidic by adding the nanoparticles to aqueous solutions with
different pH values of 3, 7 and 10. The pH is adjusted by
adding aliquots of HCI or NaOH at 0.1N. The mixture is
sonicated at (RT) for 2 hours. Then, the nanoparticles are
separated and washed with deionized water until the pH value
of the residue remains constant. Finally, the product is dried
at 120°C for 6 hours to eliminate any humidity.

2.2.3. Particle size and surface area measurements

The sizes of the nanoparticles were obtained using an
XPert PRO MPD X-ray diffractometer (PANalytical,
Almelo, Netherlands) with Cu Ka radiation operating at 60
kV and 40 mA with a 6/20 goniometer. The mean
nanoparticle diameter (crystallite size) was determined by
applying the Scherrer equation to the principal diffraction
peak. Additionally, the surface areas (Sger) were measured
using a ChemBET 3000 (Quantachrome Instruments,
Florida, USA) by employing the Brunauer-Emmet-Teller
(BET) method [32,33]. This was undertaken by degassing the
samples overnight at 140°C under a N2 flow and after
performing nitrogen adsorption-desorption at -196 °C.

2.2.4. Temperature Programmed Desorption

NH; temperature programmed desorption (TPD)
measurements were carried out with 0.1 g samples at a flow
rate of 80 mL/min. Before the TPD measurements were
made, nanomaterials were pretreated in a flow of Helium at
110°C for 3 h. Then, samples were treated with 10% NHs/He
at 100°C for 1 h ensuring NHj3 saturation and purged with He
for 1 h. TPD runs were carried out between 100°C to 900°C
at a heating rate of 10°C/min. The online ChemBet 3000
(Quantachrome Instruments, Florida, USA) with a Thermal
Conductivity Detector (TCD) was used to monitor the
desorbed NHs.

2.2.5. Equilibrium adsorption isotherms

Model solutions for the batch adsorption experiments are
prepared by dissolving a desired amount of the obtained
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asphaltenes in toluene. All samples were made from a stock
solution that was prepared at a maximum concentration
(Cmax) of 5000 mg/L without asphaltenes precipitation. The
initial concentration of asphaltene solutions used in the
adsorption experiments ranged from 500 mg/L to Cpax.
Before the experiments were undertaken, a calibration curve
of absorbance against concentration was constructed at a
wavelength of 295 nm [34], using a Genesys 10S UV-VIS
spectrophotometer (Thermo Scientific, Waltham, MA).
Nanoparticles are added to the solutions in a relation of
100mg/10 mL. The solutions are stirred at 300 rpm for 24 h
at 25°C to ensure that they were in equilibrium. The amount
adsorbed g in units of mg of asphaltenes / m? of nanoparticles
surface area is estimated according to eq. (1):

_ Co—Cg
= Gtey ®

where Co (mg/L) and Cg (mg/L) are the initial
concentration of asphaltenes in the solution and the
equilibrium concentrations of asphaltenes in the supernatant,
respectively; V (L) the solution volume and A (m?) the
nanoparticles’ dry surface areas.

2.2.6. Thermogravimetric analysis

After the adsorption experiments, the nanoparticles with
asphaltenes adsorbed are extracted from the solutions by
centrifugation for 15 min at 4000 rpm using a Hermle Z 306
Universal Centrifuge (Labnet, NJ) and dried overnight in a
vacuum oven. Thermogravimetric analysis is performed on a
fixed amount of asphaltenes that adsorbed 0.2 mg/m?2using a
Q50 Thermogravimetric Analyzer (TGA) made by TA
Instruments, Inc. (New Castle, DE). The TGA analyzer is
coupled to an IRAffinity-1 FTIR device (Shimadzu, Japan)
that is equipped with a gas cell to analyze the outcome gasses.
The samples (nanoparticles with asphaltene adsorbed and
virgin nanoparticles) are heated in an air atmosphere from 30
to 1000°C at the following different heating rates: 5, 10, and
20°C/min. The air-flow was kept at a constant 100 mL/min
during the experiment. It is worthwhile mentioning that the
sample mass was kept low at approximately 5 mg to avoid
any diffusion limitations [19, 35, 36].

2.3. Modeling

The experimental data obtained for adsorption isotherms
were modeled using two commonly used adsorption models:
the Langmuir model and the Freundlich model [37, 38].
Likewise, the experimental results were modeled using a
novel Solid-Liquid Equilibrium model [39]. For the kinetic
oxidation of the asphaltenes on nanoparticles, the Ozawa-
Flyn-Wall (OFW) method was applied. This allows the
reaction kinetics to be described and the effective activation
energy to be estimated [40].

2.3.1. The Langmuir model
The Langmuir model has been widely used since it was

published in 1916 to correlate experimental data on
equilibrium adsorption [37]. In order to do this, monolayer

adsorption takes place on a homogeneous surface and it was
derived by taking into account the fact that equilibrium is
obtained when the rates of adsorption and desorption are
equivalent. The Langmuir equation can be expressed as
follows:

Nggs = ads,max( “LCE ) (2)

1+KCE

where Nagsmax (Mg/m?) is the amount of asphaltenes
adsorbed onto the nanoparticles, Ce (mg/L) is the equilibrium
concentration of asphaltenes in the supernatant, K. (L/mg) is
the Langmuir equilibrium adsorption constant related to the
affinity of binding sites, and Nags max (Mg/m?) is defined as the
monolayer saturation capacity. The latter represents the
maximum amount of asphaltenes adsorbed per unit of
nanoparticle surface area for complete monolayer coverage.

2.3.2. The Freundlich model

The Freundlich approach was created in 1906. It is an
empirical expression that represents the isothermal variation
of the adsorption of a quantity of mass, which is adsorbed by
unit of surface area (of solid adsorbent) at equilibrium
concentration [38]:

Naas = KeCg'" 3)

where Kg ((mg/m?)/(L/mg)¥")) is the Freundlich constant
related to the adsorption capacity, and 1/n (unitless) is the
adsorption intensity factor.

2.3.3. The Solid-Liquid Equilibrium (SLE) model

Recently, Montoya et al. [39] proposed a three-parameter
model to describe the adsorption isotherms of asphaltene by
non-porous materials. The model is based on a theoretical
framework of adsorption by self-associated asphaltenes on
solid surfaces. The SLE model equation is expressed as
follows:

Cp = 1le:¢ exp (qu-A) “)

with

y = e )
and

¢ =(Im2)4 (6)

where g (mg/m?) is the amount of asphaltenes adsorbed
by the nanoparticle surface, gm (Mmg/m?) is the maximum
adsorption capacity of the nanoparticles, A (m?/mg) is the
measured surface area per mass of nanoparticles and Ce
(mg/qg) is the equilibrium concentration of asphaltenes in the
supernatant. K (g/g) is the reaction constant related to the
asphaltenes’ degree of association on the nanoparticles
surface, and H (mg/g) is the Henry’s law constant linked to
the asphaltenes’ preference for being in the liquid phase or
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the adsorbed phase [39]. The H, K and gm SLE parameters
were estimated by model fitting.

For the three adsorption models, the correlation
coefficient (R?) and a nonlinear chi-square () analysis were
used to estimate the goodness of fit using the Solvent feature
that is part of the Excel package [41].

2.3.4. OFW model

After TGA experiments were performed at different
heating rates, the OFW method can be used to estimate the
effective activation energies [40,42]. The Ozawa-Flynn-
Wall method (OFW) gave us an estimate of the effective
activation energies, assuming that for a constant reaction
conversion, the reaction rate, eq. (7), is a function of the
temperature and the state.

%% = Koexp (—22) f(a) ()

where K, (1/s) is the pre-exponential factor, E, (kJ/mol)
is the effective activation energy for a constant conversion, R
(J/mol-K) is the ideal gas constant, T (K) is the reaction
temperature and « is the reaction conversion described by the
next equation:

Mmo—mr

a=—— (8)

mo—mf

with mg as the initial mass of the sample; m; the final mass
of the sample and mr the mass at a given temperature. Eq. (9)
can be obtained when the heating rate is defined as 8 = d7/dt
and integrating. Using the Doyle approximation [43], the
effective activation energy can by estimated from the slope
of the linear fit from the plot of log (B) against 1/T, according
to eq. (10)[35]:

a da T Kqexp(—Eq/RT)
9@ = [ =t " —Ff——dr ©)
KoEq

) — 2,315 —0,4567 22
RT

log(B) = log (10)

Rg(a)
3. Results and discussion
3.1. Characterization of nanoparticles

Silica nanoparticules are usually synthetized through Sol-
Gel method [44,45]. As mentioned above, commercial silica
nanoparticles were used. After the superficial modification
process that was described above, the acidic silica
nanoparticles (AS), the neutral (NS) and basic silica
nanoparticles (BS) show the same particle diameter (dp); this
can be seen in Table 1. It can be seen that the superficial
modification apparently has no effect on the size of the
nanoparticle. On the other hand, the surface area (Sger)
decreased when the particle became more acidic. This was
determined with total acidity that is related to the amount of
NH; adsorbed by each nanoparticle. In this case, it can be
noticed that superficial treatments were effective because AS
is the most acidic of three materials.

Table 1.
Nanoparticles characterization.
Nanoparticle  dpso (nm)
AS 7
NS 7
BS 7

Seer (M%)
237.9
171.8
138.1

Total acidity (umol/g)
2847
2156
1285

Source: The authors
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Figure 1. a) Adsorption isotherms of asphaltenes by fumed silica
nanoparticles with different surface acidities at 25°C and b) zoom on
Henry’s region.

Source: The authors

3.2. Asphaltenes adsorption isotherms

Fig. l1a shows the obtained adsorption isotherms of
asphaltenes by AS, NS and BS that were constructed at 25°C
on surface area basis. It can be observed that the trend of the
amount adsorbed at CE of 464 mg/L, where the isotherms can
be compared, follows the order AS > BS > NS, which
indicates that the surface is selective to determined functional
groups that are present in the asphaltenes structure.

Also, Fig. 1b shows that in the Henry’s region, the
adsorption affinity is also surface specific. As the Langmuir
model K is related to the affinity of binding sites, larger
values implied more adsorption affinity [17,19,20]. In the
empirical model proposed by Freundlich, this affinity cannot
be seen so clearly. Hence, frequently Ke is taken as a rough
indicator of the adsorption capacity and 1/n is the adsorption
intensity factor. A larger Kg value suggests greater adsorption
capacity, and a lower 1/n indicates stronger adsorption
strength [17,19]. Furthermore, the reciprocal of the parameter
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Table 2.
Langmuir, Freundlich and SLE model parameters of asphaltenes adsorption
by AS, NS and BS at 25°C.

Parameter AS NS BS
— Nads max (Mg/m?) 4.43 2.22 2.71
23 K. (L/mg) x 10® 1,602 1.580 1.409
22 R? 0.986 0.991 0.998
8= X2 9.858 0.209 0.027

o _ Ke ((mg/m2)/(L/mg)U) 0.025 0047  0.043
53 1/n (unitless) 0.71 0.48 0.51
S g R? 0989 099  0.988
T < X2 2156 0018  0.113
H (mg/g) 0.15 0.25 0.28

g K (g/g) x 10* 2.45 1.75 1.45
£ G (Mg/M2) 7.75 3.49 458
w R2 0.99 0.99 0.99
Z X 1.30 1.43 0.58

Source: The authors

H in the SLE model is a clear indicator of the adsorption
affinity. A smaller H value implies greater adsorption affinity
[21,39]. In this regard, we can see in Table 2 that the adjusted
parameters for the Langmuir and SLE models indicate higher
adsorption affinity with the most acidic nature of the surface
of the nanoparticle. Also, the SLE model tells us that the
trend followed by the K parameter is opposite to the one
observed for the H parameter, meaning that BS nanoparticles
lead to a lower degree of asphaltenes self-association over its
surface. Freundlich model’s parameters do not show a direct
relationship with the acidic nature of the surface.

3.3. Catalytic Oxidation of Asphaltenes

The TGA experiments for asphaltenes oxidation were
conducted at three different heating rates: 5, 10 and 20°C/min
with an oxygen flow at 100 cm3/min. Fig. 2a-d shows the
conversion for oxidation of a) virgin asphaltenes and
asphaltenes in the presence of b) AS, ¢) NS and d) BS. For
all systems, it can be observed that the percentage of
conversion decreases as the heating rate increases.

To show a comparison, Fig. 3 shows the conversion of
asphaltenes in the presence and absence of the evaluated
nanoparticles at a fixed heating rate of 10°C/min. It is
observed that for a fixed value of conversion, the temperature
increases in the order of BS < NS < AS < virgin asphaltenes.
This confirms the catalytic effect of the nanoparticles and
shows that catalytic oxidation of the asphaltenes is specific
to the adsorbent surface conditions. It can also be noted that
the catalytic effect of the surface is related to the adsorption
affinity and asphaltenes self-association. As lower signifies
adsorption affinity (higher value of H at SLE model) and as
lower signifies asphaltenes self-association (lower value of K
at SLE model), higher is the catalytic behavior of the surface.

Fig. 4 shows the rate of mass loss for virgin asphaltenes
oxidation and asphaltenes oxidation in the presence of AS,
NS and BS. It can be seen in Fig. 4 that asphaltenes oxidation
starts before for those asphaltenes adsorbed onto the
nanoparticles, in comparison with the virgin asphaltenes. It is
worthwhile mentioning that the virgin nanoparticles were
also submitted for TGA analysis. For the virgin asphaltenes,
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Figure 2. Conversion of a) virgin asphaltenes and asphaltenes in the presence
of b) AS, ¢) NS and d) BS at different heating rates.
Source: The authors
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Figure 3. Conversion for oxidation of asphaltenes in the presence and
absence of AS, NS and BS nanoparticles at a heating rate of 10°C/min.
Source: The authors
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two peaks are observed at approximately 422 and 479 °C.
The first peak temperature is considerably reduced by the
nanoparticles at 38, 52 and 67°C. This indicates that the
catalytic activity of the BS is higher than that of the other two
nanoparticles. These results agree with the estimated values
of the H and K parameters of the SLE model.

The evolution of gas production was also evaluated using an
FTIR device coupled with the TGA analyzer. Figs. 5a-d show the
evolution of CO, CO,; CHs and other light hydrocarbon
production to oxidize a) virgin asphaltenes and asphaltenes in the
presence of b) AS, ¢) NS and d) BS at a fixed heating rate of
10°C/min. 1t is worthwhile mentioning that the results are
normalized based on the signal with the highest intensity that
corresponds to the CO, production. In all cases, it is observed that
the major production corresponds to the CO,. Except for the
system with BS, the trend of effluent production increases in the
order of CO < CH,4 < Hydrocarbons < CO,. However, for the BS,
the trend followed is CH4 < Hydrocarbons < CO < COs.

3.4. Estimation of activation energies

The results for the effective activation energies (EAE) are
shown in Fig. 6. The asphaltenes follow an increasing trend
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Figure 5. Evolution of CO, CO2, CH4 and other hydrocarbon production for
oxidation of a) virgin asphaltenes and asphaltenes in the presence of b) AS,
c) NS and d) BS at a heating rate of 10°C/min.

Source: The authors
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Figure 6. Estimated effective activation energies for asphaltenes oxidation
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Source: The authors

in the presence of the nanoparticles, which increase as the
asphaltenes conversion increases. This could be due to addition
reactions that occur in the process. However, for the virgin
asphaltenes, the trend observed is the opposite. Both behaviors
are indicative of the fact that asphaltene oxidation in the
presence and absence of the nanoparticles is not a single-step
process and it involves more than one mechanism. Fig. 6 shows
that higher EAE are obtained for AS, followed by NS, and the
lower values are obtained for BS. Also, the pathway followed
by the EAE is similar for the three nanoparticles, indicating that
the reaction order is possibly similar for the three catalysts.
Fig. 7 shows the correlation of parameters H and K from
the SLE model and K. from the Langmuir model. These have
the estimated EAE for the following percentages of
conversion: 20, 50 and 80%. It can be observed that as the
adsorption affinity increases (i.e. the H parameter decreases
in the SLE model and the K. parameter increases in the
Langmuir model), the EAE increases. This indicates that an
over attachment of the asphaltenes in the catalysts surface
would lead to a decrease in the catalytic activity of the
nanoparticles. However, the correlation observed for the K
parameter indicates that as the degree of asphaltenes self-
association increases the catalytic activity of the
nanoparticles decreases. This is also shown in Fig. 8 where
the evolution of CO is correlated with the K parameter for
different degrees of conversion. It is observed that as the
degree of asphaltenes self-association decreases, the
production of CO increases. This could be due to bigger
asphaltenes aggregates tending to hide some active sites that
are released as asphaltenes are oxidized. This leads the CO to
be chemisorbed over the nanoparticle surfaces to form CO..

4. Conclusions

The surface modification process effectively modified the
acidity of nanoparticle surfaces, as can be seen in TPD
experiments. Through batch adsorption experiments, the
isotherms of asphaltenes adsorption onto fumed silica with
different surface acidities were successfully constructed. The

Langmuir model, the Freundlich model, and the SLE model
have an excellent adjustment for the experimental results of the
adsorption isotherms. The first and the third of these models,
allow us to conclude that the acidic surface creates a greater
affinity for the asphaltenes in the adsorption process, but it leads
to higher EAE and to disfavor catalytic activity. Also, if the
asphaltenes self-association is higher on the nanoparticle
surface, represented in parameter K of the SLE model, the
catalytic activity is lower. In this sense, the BS showed a better
performance in the catalytic oxidation of asphaltenes. Also, it
was possible to detect the effluent gasses in the oxidation process
by using a coupled FTIR device, which showed that they are
surface nature dependent.
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