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ABSTRACT: Despite the numerous works devoted to the effect
of nanoparticles on asphaltene formation, their potentials for
controlling asphaltene precipitation in live oils at realistic
pressure—temperature conditions of oil fields have not been
studied. In this study, Fe,O; and functionalized SiO, nanoparticles
were synthesized to investigate theirs effects on asphaltene
precipitation and aggregation in a light live oil with a high
asphaltene deposition risk. The high pressure-high temperature
(HPHT) experiments including solid detection system, high
pressure microscopy and HPHT filtration were designed and  yiphaltene adsorbed on nanoparticles
conducted. The results show that during depressurization of the oil in live oil at 274.9 °F & 4000 psi

at 274.9 °F, treating the live oil with 150 ppm of E-SiO,

nanoparticles leads to over 600 psi delay of asphaltene onset

pressure; however, in the presence of the same amount of Fe,O; nanoparticles, the oil remains more stable and no asphaltenes
precipitation is detected. Therefore, compared to the F-SiO,, the Fe,O; nanoparticles better control the asphaltene precipitation and
aggregation. This may arise from the higher number and stronger interactions of the acidic/basic functional groups of the
asphaltenes with the surface sites of the Fe,O; nanoparticles. TEM images show that the size of irregular tangled asphaltene
structures is decreased from 110 to 150 nm to 40—80 nm due to the addition of the nanoparticles to the live oil. Furthermore, the
average interlayer spacing of the aromatic sheets of the asphaltene in aggregates is increased from 0.385 nm in blank live oil to 0.470
and 0.442 nm in the live oil treated with Fe,O; and F-SiO,, respectively. The consistency of different experimental results in this
work provides invaluable insight for oil field applications of nanoparticles as a practical method to control the damages induced by
asphaltene precipitation.

1. INTRODUCTION AND MOTIVATION treatment techniques of asphaltene precipitation.'”™*° The
precipitation and deposition of asphaltene from crude oil, as a

Nanoparticles, as an emerging tool, have gained considerable
major concern during oil production, have been well

attention for their applications and solutions to the problems

and challenges in different industries. By a quick literature documented in the published literatures.”"** Asphaltenes
survey, a growing trend in implementation of nanoparticles in constitute a high molecular weight fraction of crude oils
the petroleum industry is obvious over the past decade. which are insoluble in saturated hydrocarbons (e.g., n-pentane
Nanoparticles are materials with particle diameters ranging in or n-heptane) and soluble in aromatic solvents (e.g., toluene or
size from 1 to 100 nm, with large surface areas and high benzene).”* Asphaltenes can be extremely problematic because
volume concentrations." From these dimensional effects, of forming dense aggregates and deposits in reservoir porous
nanoparticles possess unique mechanical, chemical, thermal, media, wellbores, transportation pipelines, and processing

and magnetic properties. Therefore, they have a superior
performance over conventional micro/macromaterials which
offer prospective applications in oil and gas fields.” Nano-
particles/nanofluids have been applied to resolve issues in
different sections of the petroleum industry such as drilling
fluid enhancement,”™> gas h?rdrate production,”” and en-
hanced oil recovery (EOR).*™"*

During the past decade, nanoparticles have been suggested
by many researchers as an alternative solution for traditional

facilities. Thus, they result in severe operational issues such as
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wettability alteration of reservoir rock, permeability reduction
in near-wellbore regions, plugging tubulars and flowlines,
clogging of production separators, reduction of well inflow
performance, and increasing operating costs.”"**

The asphaltene precipitation in the presence of SiO,, TiO,,
and ZrO, nanoparticles dispersed in paraffin at different pH
conditions have been investigated.'® Results showed that these
nanoparticles may play the role of dispersant in strongly acidic
conditions. It has been shown that NiO nanoparticles have a
high affinity toward asphaltene adsorption in toluene model
solutions.”> Kazemzadeh et al. studied the effects of NiO
nanoparticles on oil recovery and the mechanism of adsorption
of asphaltenes in a synthetic oil solution.'® Their results
showed that increasing the asphaltene precipitant (n-C;)
content improves asphaltene adsorption on the surfaces of
nanoparticles. Taborda et al. synthesized pure SiO,, acidified
silica (SiO,A), and AL, O; nanoparticles by the sol—gel method
to study their effects on asphaltene precipitation in a model oil
solution.”® They found that evaluated nanoparticles were able
to reduce the mean size of asphaltene aggregates in order of
effectiveness: SiO,A < SiO, < Al,O;. Shojaati et al. evaluated
the inhibitory behavior of metal oxides nanoparticles, Fe;O,,
NiO, and Al,O,, for postponement of the onset of asphaltene
precipitation in a synthetic oil sample.'” They concluded that
used nanoparticles were effective on suppressing the onset
point and reducing the amount of precipitated asphaltenes.
Lopez et al. investigated the effects of Cardanol/SiO,
nanocomposites on formation damage by asphaltene precip-
itation in an asphaltene model solution.”” They stated that
adsorption of n-C, asphaltenes onto the surfaces of the
Cardanol/SiO, nanocomposites decreased the amount of
asphaltenes in the bulk solution and lessened the aggregation
process.

A detailed literature survey shows that, to date, nearly all
published works regarding the effects of nanoparticles on
asphaltene precipitation have been carried out at ambient
pressure and temperature with model oils containing synthetic
asphaltenes extracted by addition of the saturated hydrocarbon
(e.g., n-Cs or n-C,). Results and conclusions drawn from the
synthetic asphaltene studies at laboratory conditions may not
necessarily apply for asphaltenes precipitated in live oils at high
pressure—high temperature (HPHT) conditions.”® The only
reported research with real crude oil is the work performed by
Ahmadi and Aminshahidy.”” They studied the effect of CaO
and SiO, nanoparticles on the asphaltene precipitation
envelope (APE) in the presence of miscible CO, gas. The
authors prepared the oil sample by recombining the separator
gas and crude oil in a PVT cell. They found that CaO and SiO,
nanoparticles decreased the amount of precipitated asphaltenes
in the presence of CO, gas, but CaO had better applications
for reducing asphaltene precipitation.”” It should be empha-
sized that a recombined oil sample may not be well restored to
the initial conditions of the reservoir oil, mostly due to the
irreversibility of the asphaltene precipitation.’”*" Perfect
operational decision-making scenarios to resolve asphaltene-
related issues require precise experimental results. The first and
main step for studying asphaltene-related subjects is to use a
representative oil sample. The conventional sampler does not
maintain fluid pressure above the threshold pressure of
asphaltene precipitation while the sample is being retrieved
to the surface;’”*’ thus, representative sampling is a
prerequisite for asphaltene characterizations and studies. The
collection of a nonrepresentative reservoir fluid sample may
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carry a nonrepresentative asphaltene amount because of the
irreversible nature of asphaltene precipitation.””*" The most
reliable reservoir sampler for studying asphaltene behavior is
proposed to be a single-phase reservoir sampler (SRS) or one-
phase sampler (OPS).>*™*° In addition, in the face of the
extensive studies executed on the effect of iron oxide and silica-
based nanoparticles on asphaltene precipitation, the feasible
use of these types of nanoparticles at real pressure and
temperature conditions has been grossly missing in the
literature.

To address the above-mentioned challenges, in this work,
two different nanoparticles, Fe,O5 and functionalized SiO, (F-
Si0,), were synthesized to evaluate and compare their effects
on asphaltene precipitation and aggregation in a light live oil at
HPHT conditions. To get a representative fluid sample for
conducting precise experiments, the sampling was performed
by OPS technology. Synthesized nanoparticles were charac-
terized by X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR), field-emission scanning electron microscopy
(FESEM), and Brunauer—Emmett—Teller (BET) techniques.
Three sets of HPHT experiments were designed and
performed by a solid detection system (SDS), high pressure
microscopy (HPM), and HPHT filtration to evaluate the
inhibitory and dispersion capacity of the synthesized nano-
particles toward asphaltene formation. To analyze the
mechanisms of asphaltene—nanoparticle interactions, after
conducting the HPHT experiments, the asphaltenes in blank
live oil and the asphaltenes in live oil treated with nanoparticles
were extracted and analyzed by FTIR, FESEM, transmission
electron microscopy (TEM), and thermal gravimetric analysis
(TGA). Finally, the industrial applications of the results
obtained are discussed for different sections of the oil industry.
To the best of our knowledge, this is the first study in which
the potentials of nanoparticles for controlling the formation
and growth of asphaltenes in live oil at HPHT conditions are
investigated.

2. MATERIALS AND METHODOLOGY

2.1. Synthesis of Nanoparticles. Pure iron oxide Fe,O;
nanostructures were synthesized via a simple chemical precipitation
method. In this procedure, first, to obtain a 0.05 M concentration
solution, aqueous solution was prepared by dissolving an amount of
iron(IlI) chloride hexa-hydrate (FeCl;, 6H,0) in 100 cc of
deoxygenated distilled water by magnetic stirring for 40 min at 80
°C. Then, a 50 cc aqueous solution of 2 M NH,OH was used as the
precipitating agent. NH,OH as a base solution was added steadily
dropwise to maintain a pH value of 11. The thus-obtained solution
was heated to the temperature of 80 °C and stirred for about 3 h. The
resultant precipitations were centrifuged at 5000 rpm for 10 min;
then, the precipitates were washed with deionized water and ethanol
several times and finally dried at 80 °C overnight. Then, the dried
precipitates were calcined at 700 °C in static air for 3 h.

Sodium silicate with 25.5—-28.5 wt % SiO, and 7.5—8.5 wt % Na,O
was used as the starting material for the synthesis of silica
nanoparticles. At first, a water glass was diluted with different
amounts of deionized water. Then, sodium ions were removed from
the water glass using Amberlite—cation exchange resin (pH 2.3), and
silicic acid with a concentration of 2 and 1 wt % of SiO, at pH 2.5—
3.5 were obtained. Then, three alkaline sodium silicate solutions were
prepared through diluting a water glass with deionized water for the
preparation of solutions containing 1—3 wt % of SiO,. These three
alkaline sodium silicate solutions were heated at 84—86 °C, and
titration was performed with similar volumes of silicic acids with
different concentrations at a constant rate of 0.85 mL/min. Finally,
the product was dried at 180 °C. For surface modification of silica
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nanoparticles, amino-silane compounds were hydrolyzed and reacted
with the silanol groups of silica particles. The reaction was performed
at a temperature of 50 °C. After the reaction, the silica powders were
filtrated and dried at 105 °C for about 1 h.

The crystal structures of the synthesized nanoparticles have been
determined by XRD, with a PANalytical X’Pert PRO diffractometer,
with a Cu Ka generator (60 kV, 40 mA, 1 = 1.54060 A) in the 26
range from 5° to 140°. The textural properties of the nanoparticles
have been analyzed by nitrogen adsorption—desorption at —196 °C
with a porosimeter apparatus (ASAP-2010 Micromeritics, USA). The
samples were degassed at 350 °C and 1.33—0.67 kPa prior to the N,
adsorption experiments. Surface areas were calculated using the
standard BET model. The pore size distribution (PSD) of the
synthesized nanoparticles was estimated from the adsorption
isotherms with the Barrett, Joyner, and Halenda (BJH) algorithm
(built-in software from Micromeritics ASAP-2010). FESEM images
were taken with a FEI Nova NanoSEM-450 to investigate the
morphology and particle size of the synthesized nanoparticles. A
PerkinElmer FTIR (version 10.4.2) spectrometer was utilized to
characterize the surface functional groups of pure nanoparticles and
nanoparticles with adsorbed asphaltenes. In FTIR analysis, the range
of the scanning wavenumber was set to 4000—400 cm ™.

2.2. Characteristics of Oil Sample. A light live oil was collected
from an Iranian oil field using OPS technology with a LEUTERT one-
phase sampler to have a representative oil sample. OPS sampling
permits the reservoir fluid pressure to be maintained at or higher than
the reservoir pressure during transfer and retrieval of the sample. The
selected oil sample is from an oil field where severe operational issues
induced by deposition of solid asphaltenic materials have been
experienced and recorded. Table 1 shows the general properties of the
oil sample and the results of saturates—aromatics—resins—asphaltenes
(SARA) analysis. SARA analysis has been performed based on ASTM
D2007-91, which is based on clay-gel adsorption chromatography.*®

Table 1. Properties and Specifications of Oil Sample

specifications unit value uncertainty
H,S mol % 0.24 +5 %X 1073
N, mol % 0.08 +5 % 1073
Co, mol % 2.30 +5 % 1073
C mol % 48.72 +5x 1073
C, mol % 8.76 +5 X 1073
C, mol % 5.02 +5 % 1073
i-C, mol % 1.03 +5 % 1073
n-C, mol % 2.92 +5 X 1073
i-Cs mol % 125 +5x107°
n-Cy mol % 1.31 +5 % 1073
Cq mol % 4.78 +5 %X 1073
C, mol % 3.48 +5 X 1073
Cq mol % 247 +5 X 1073
Co mol % 3.41 +5 X 107
Cyo mol % 2.70 +5 % 1073
Cy, mol % 2.92 +5 % 1073
Cias mol % 8.61 +5 % 1073
solution gas oil ratio SCF/STB 14745  +6 X 107°
reservoir temperature (Ty) °F 274.9 +5 X 107!
reservoir pressure (PR) psia 8700 +10
bubble point pressure (Py) psia 3837 +7
gravity of dead oil °API 34.5 +2 x 107!
molecular weight of reservoir oil g/mol 81 +6 X 107!
molecular weight of flash-residual oil g/mol 204 +6 x 107!
saturates wt % 72.7 +5 x 107*
aromatics wt % 20.0 +5x 107*
resins wt % 6.0 +5x 107*
asphaltenes wt % 13 +5 x 107
colloidal instability index (CII) - 2.85 -

Typically, before performing the expensive and time-consuming
HPHT experiments, any reservoir fluid is screened to predict the risk
of asphaltene precipitation. The most widely used screening criteria
are the colloidal instability index (CII) and De Boer plot. 738 C1
expresses as the ratio of the sum of asphaltenes and saturates fractions
of crude oil to the sum of aromatics and resins.”” The De Boer
method is a graphical plot based on the solubility concept for
prediction of the thermodynamic conditions for occurrence of
asphaltene precipitation/deposition.”” In the De Boer method, the
difference in reservoir pressure and bubble point pressure is plotted
versus reservoir fluid density. For the studied oil sample here, the CII
value (reported in Table 1) is 2.85, which confirms the instability of
the asphaltene in the oil sample. On the basis of the De Boer method,
the oil sample is located in unstable regions; thus, it is recognized as
unstable or problematic oil with the possibility of solid phase
problems during the production life of the reservoir. The structure
and combustion trend of the precipitated asphaltenes were analyzed
by TEM (Philips-EM208S operating at 100 kV) and TGA
(NETZSCH TG 209), respectively.

2.3. Procedures of HPHT Experiments. To evaluate the effect
of the synthesized nanoparticles on inhibition and dispersion of
asphaltene precipitation, a SDS setup (manufactured by the DBR-
Schlumberger, Edmonton, Canada) equipped with NIR transmittance
detector and a HPM was utilized. The maximum working pressure
and temperature for the SDS and HPM systems are 15,000 psi and
350 °F. In addition, a HPHT filtration apparatus was used to measure
the amount of the precipitated asphaltenes at different conditions of
pressure and temperature without and with nanoparticles. The HPHT
filtration apparatus gives proper results at a range of pressure and
temperature up to 10,000 psi and 350 °F. The photos of the SDS-
HPM assembly and HPHT filtration apparatus are shown in Figures 1
and 2, respectively.

2.3.1. Procedure of SDS Experiments. SDS experiments were
performed in a HPHT laser cell, which measures the NIR turbidity as
a function of pressure at constant temperature. In addition, using
SDS, the bubble point of reservoir oil can be determined by a classical
P—V curve as well as a visual observation that can be used as a
checking procedure for the PVT test. The live oil sample is transferred
from the sample cylinder into the SDS cell at an initial pressure (9000
psi) and constant temperature (274.9 °F). The sample is equilibrated
for about 24 h before isothermal depressurization of the fluid at
predefined rates of 15—20 psi/min from the initial reservoir pressure
to the bubble point pressure. At the bubble point, the light
transmittance power (LTP) through the fluid in the PVT cell is
approximately zero due to the evolution of gas bubbles. Any sudden
change before the bubble point pressure in the LTP is an indication of
the appearance of solids in the reservoir fluid, which is shown in the
graphical display. The detailed procedure of the SDS experiment is
described by Mohammadi et al.*

2.3.2. Procedure of HPM Experiments. The HPM permits to one
monitor the onset and the growth of asphaltenes as a function of
pressure, temperature, and composition and hence to describe the
morphological behavior of the asphaltene aggregates. It is also utilized
to study the effects of different types of chemicals on asphaltene
precipitation. It consists of a cell with two sapphire windows, a long
focal length camera of high resolution, and a light source. The cell
thickness is 0.3 mm, and the diameter of the sapphire is 9.2 mm.
However, the cell thickness can be adjusted to a desirable value. The
cell temperature is controlled by a circulation bath, manufactured by
the Huber-GmbH Company, whereas the fluid pressure inside the cell
is maintained using a positive displacement pump. In this work, an
HPM model Leica Z16-APO with total magnification of approx-
imately 1000X was used to investigate the effect of Fe,O; and F-SiO,
nanoparticles on formation and growth of asphaltene particles. The
cell contents were observed visually, and the images were recorded by
the HPM video camera during the course of the experiment. High-
resolution photographs of the sample were taken at specified pressure
steps to monitor the aggregation process in blank live oil and treated
live oil with nanoparticles. The taken images were processed by the
Java-based Image] package, version 1.44, developed at the National
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(a)

(b)

Figure 1. (a) Picture showing the SDS equipped with NIR transmittance and HPM. (b) Close-up view of HPM.
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Figure 2. Schematic diagram of HPHT filtration setup. Reproduced from ref 40. Copyright 2015, American Chemical Society.

Institutes of Health.*' Detailed descriptions of the HPM procedure
can be found elsewhere.”*

2.3.3. Procedure of HPHT Filtration Experiments. HPHT filtration
tests were conducted with a 0.20 ym cellulose nitrate filter to evaluate
the effect of the nanoparticles on the amount of precipitated
asphaltene versus pressure during the isothermal depressurization
process. To start the experiment, about 120—150 cc of blank live oil
was transferred isobarically and isothermally into the PVT cell. For
each experiment, the PVT cell was stabilized at the initial pressure and
temperature of the test for 72 h. After stabilization of the fluid inside
the PVT cell, the pressure was lowered at predefined pressure steps.
At each pressure step, the cell content was homogenized for 24 h.
Then, the fluid was displaced through the filter, and about 10 cc of
well-mixed fluid sample was expelled from the PVT cell at the
pressure and temperature of the experiment to flash to the
atmospheric condition. Then, the asphaltene content was measured
by an IP-143 standard test (ASTM D3279-90) to determine the
amount of precipitated asphaltenes.** During the filtration process, it
is essential that the oil sample remains monophasic at each pressure
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step above the bubble point pressure as it passes through the filter
manifold. Thus, high pressure helium gas is used on the backside of
the filter to keep a back-pressure on the downstream end of the filter.
This helps to conduct the HPHT filtration process at almost constant
pressure conditions. To better understand the experimental protocol
in this work, procedures are schematically described in Figure 3.

2.4. Treating Live Oil Sample with Nanoparticles. For the
sake of comparison, the SDS, HPM, and HPHT filtration experiments
were conducted in both the absence and presence of the nanoparticles
dispersed in the live oil. To disperse the nanoparticles in live oil
(named as treated oil), a certain amount of nanoparticles was added
to an empty high pressure cylinder at ambient conditions. Then, a
known amount of the live oil sample was injected into the high
pressure cylinder at constant pressure such that the nanoparticle
dosage was known in the thus-obtained HPHT sample. Then, the
cylinder content was well shaken and homogenized at an initial
pressure. For the SDS, HPM, and HPHT filtration tests in the
presence of the nanoparticles, a specified amount of the treated oil
was utilized to conduct the subsequent investigations.

https://dx.doi.org/10.1021/acs.energyfuels.1c00060
Energy Fuels 2021, 35, 5908—5924
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Figure 4. XRD patterns of synthesized nanoparticles: (a) Fe,O; and (b) F-SiO,.

As HPHT experiments are costly and time consuming, an optimum
nanoparticle concentration should be selected for the HPHT
conditions. So, the efficiencies of both Fe,O; and F-SiO, nano-
particles for inhibition and dispersion of asphaltene were evaluated by
viscometry experiments at dosages of 75, 150, 200, 300, and S00 ppm.
On the basis of the obtained results, for both nanoparticles, the
dosage of 150 ppm was chosen as the optimum loading since a
plateau was observed in the efficiency curve. This nanoparticle dosage
is in the range of reported concentrations by other researchers.**®
The procedure for determination of optimum dosage of the
nanoparticles for HPHT experiments is presented in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Characterization of Synthesized Nanoparticles.
The XRD patterns of the synthesized Fe,O; and F-SiO,
nanoparticles are illustrated in Figure 4. In Figure 4a, all
detected peaks are indexed to the rhombohedral crystal
structure of pure Fe,O;. The peaks appearing at the 20
range of 24.25°, 33.35° 35.80°, 41.10°, 49.70°, 54.30°, and
57.50° can be attributed to the (012), (104), (110), (113),
(024), (116), and (018) crystalline structures of pure Fe,O;
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(JCPDS no. 06-0696), respectively. As is observed in Figure
4b, the presence of a wide peak at 22.28° confirms the good
development of the amorphous F-SiO, structure during the
synthesis process.

Nitrogen adsorption—desorption isotherms for the synthe-
sized Fe,O; and F-SiO, nanoparticles at the liquid nitrogen
temperature are shown in Figure 5a and b. According to the
IUPAC classification, the isotherm trend displays a type-V
curve and a sensible hysteresis loop in the range of P/P, > 0.8
for Fe,0;, and P/P, > 0.7 for F-SiO,. This curve type for both
Fe,O; and F-SiO, nanoparticles is a clear indication of
mesoporous materials consisting of approximately uniform
sphere particles.”” The pore size distribution of the synthesized
nanoparticles by BJH theory are shown in Figure 5c and d. The
main pore size fits the mesoporous scale, 2—50 nm, which is
considered as an important class of nanoparticle materials for
asphaltene adsorption due to the sizes of the asphaltene
molecular structures. The textural and surface properties of
synthesized nanoparticles by N, adsorption experiments are
given in Table 2. The specific surface area by the BET model
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Figure S. (a, b) Nitrogen adsorption—desorption isotherms of Fe,O and F-SiO, nanoparticles, respectively. (c, d) Pore size distribution of Fe,0,

and F-SiO, nanoparticles, respectively (BJH measurements).

Table 2. Textural and Surface Properties of Synthesized
Nanoparticles

specification unit Fe,04 F-SiO,
BET specific surface area, Aggr (m?/g) 20.197 73.705
average particle size, d,,, (nm) 51.75 30.72
average pore diameter, dggpr (nm) 23.04 20.78
average pore diameter, dgyy (nm) 18.67 20.09
total pore volume of pores (cm’/g) 0.1164 0.3829
BJH cumulative pore volume (ecm/g) 0.1173 0.3777

for Fe,0; and F-SiO, nanoparticles is obtained to be 20.197
and 73.705 m?/g, respectively, which is high enough for
asphaltene adsorption. The average diameters of the nano-
particles by the BET model (dpgr) and BJH method (dgpy)
have been calculated from the 4V/A formula®® as given in
Table 2. In this formula, V and A are the pore volume and
specific surface area, respectively. Supposing a spherical shape
for the nanoparticles as demonstrated from Figure Sa and b,
the average sizes of the particles can be estimated by d,,. =
6000/ (p X Aggr),” where p is the density of the nanoparticles
in g/cm’ and Agpr is the specific surface area of the
nanoparticles in m>/g. The average sizes of the nanoparticles
by BET are in agreement with the results of FESEM analysis.
The FESEM and FTIR analyses of pure nanoparticles along
with adsorbed asphaltenes onto the surface of nanoparticles are
discussed in detail in Section 3.5.
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3.2. Results of SDS Experiments. The traces of SDS
during the isothermal depressurization process at a temper-
ature of 274.9 °F for the blank live oil and the treated live oil
with 150 ppm Fe,O; and F-SiO, nanoparticles are shown in
Figure 6. All these experiments were started from the initial
pressure of 9000 psi down to near of the bubble point pressure
where the light transmittance power through the fluid in the
PVT cell suddenly drops to about zero due to the
instantaneous scattering of the laser light caused by the
evolution of gas bubbles. As shown in Figure 6, the asphaltene
onset pressure (AOP) of the original live oil at 274.9 °F is
detected at the pressure of 7383 psia in which the increasing
trend of the LTP signal starts to decrease gradually (curve in
red on the graph). During the isothermal depressurization of
the oil sample, the LTP signal increases linearly because of a
decrease in fluid density by a pressure decrement until the
formation of detectable asphaltenic aggregates, where the LTP
starts to drop because of growth of the asphaltene aggregates
(i.e., asphaltene aggregation process). This inflection point of
the LTP on the graph is recognized as AOP. It should be noted
that based on the supplied laser power the minimum
detectable asphaltene size by SDS is approximately 1—2 um,
which corresponds to detected AOP. The green and blue
curves in Figure 6 depict the traces of SDS in the presence of
Fe,0; and F-SiO, nanoparticles, respectively. The overall trend
of the depressurization path is the same as for the case of blank
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Figure 6. SDS isothermal depressurization at 274.9 °F for blank live oil and treated live oil with 150 ppm Fe,O; and F-SiO, nanoparticles.
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Figure 7. HPM visualization of asphaltene precipitation—aggregation behavior at 274.9 °F: (a) blank live oil, (b) treated live oil with 150 ppm
Fe,0;, and (c) treated live oil with 150 ppm F-SiO,; images were processed by Image].

live oil. However, the AOP in the presence of 150 ppm of the
E-Si0O, is detected at 6775 psia, a shift of about 608 psi to
lower pressures, indicating the tardiness in the asphaltene
precipitation by the F-SiO, nanoparticles. For the case of
Fe,O; nanoparticles, the LTP signal during isothermal
depressurization increases progressively up to the pressures
around 3900—4000 psia; then, an abrupt change in LTP is
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observed as a result of gas bubbles evolution (i.e., bubble point
pressure). The detected bubble point pressure is nearly in line
with the measured bubble point pressure from the constant
composition expansion (CCE) experiment (3837 psia),
reported in Table 1. However, by the addition of 150 ppm
Fe,0; into the live oil, within the accuracy range of the SDS,
no asphaltene particle was detected down to near the bubble

https://dx.doi.org/10.1021/acs.energyfuels.1c00060
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point pressure. Therefore, this may infer that the oil remains
stable in the presence of the Fe,O; nanoparticles since no
asphaltene precipitation is detected during the depressurization
process at 274.9 °F.

It should be mentioned that the bubble point pressure of the
blank live oil sample by the routine CCE-PVT experiment is
3837 psia, as reported in Table 1. In addition, SDS
experiments for blank live oil and treated live oil with Fe,O,
and F-SiO, nanoparticles visually confirm the obtained bubble
point pressure by CCE, which is depicted as abrupt changes in
LTP through the fluid. In Figure 6, for blank live oil and
treated live oil with F-SiO,, asphaltene particles start to
precipitate out at detected AOPs. Then, the precipitated
particles go through self-association and growth at pressures
lower than AOP to around bubble point pressure. At around
the bubble point, the abrupt LTP decline is a result of both the
evolution of gas bubbles and the presence of asphaltene
aggregates. Therefore, the overlapping of the effects of the
presence of gas pockets and asphaltene aggregates in the liquid
may hinder the solid determination of the liquid bubble point
pressure by SDS data (shown on graph in Figure 6). However,
for all SDS experiments (i.e., blank and treated live oils),
observations of the fluid inside the visual PVT cell in the SDS
setup confirm that bubble point take places at 3837 psia. For
live oil treated with Fe,O; nanoparticles, as asphaltene does
not precipitate out, the sudden changes observed in the LTP at
around 3870 psia can be assigned to the presence of gas
bubbles only.

3.3. Results of HPM Experiments. Asphaltene precip-
itation and the aggregation process in blank live oil and treated
live oil with 150 ppm Fe,O; and F-SiO, nanoparticles are
visualized by HPM experiments at different pressure steps and
a temperature of 274.9 °F. Microscopic images of the HPM
experiments are shown in Figure 7. The average sizes of
asphaltene aggregates versus pressure are given in Table 3. In

Table 3. Average Size of Asphaltene Aggregates (d,,.) vs
Pressure at 274.9 °F (HPM Experiments)”

in blank  d,,. in treated live oil  d,, in treated live oil

pressure  d, .. -

(psi) live oil (um) with Fe,O; (um) with F-SiO, (um)
7000 1.15 - -
6000 2.34 - 1.10
5000 4.06 0.80 2.06
4000 8.07 1.38 4.14

“The uncertainty in the pressure measurement is +7 psi. The
uncertainty in the calculation of the average size is +2.5 X 107> ym.

addition, as an example case, the size distributions of the
aggregates at 4000 psi are shown in Figure 8. HPM detects
asphaltene sizes higher than 0.50—0.60 gm. Thus, the onset
pressure of asphaltene precipitation by HPM is somewhat
higher than the onset pressure by the SDS technique for each
oil sample.

As depicted in Figure 7a, in blank live oil, in the range of a
microscope resolution at 8000 psi, the sample is uniform, with
no asphaltene particles present. At the 7000 psi pressure step,
some distinct asphaltene particles are observed. These particles
continue growing from the nanoscale until they reach the
micrometer scale and can subsequently be seen under a
microscope. With a decrease in pressure from 7000 to 5500
psi, the number of detectable aggregates increases as the
growth continued, and large aggregates are present in the
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sample. Further pressure reduction to 4000 psi results in severe
intensification of aggregation of asphaltenes with an average
particle size of about 8.07 ym. It is clear from Figures 7b and 8
that treating of live oil with Fe,O; nanoparticles at 150 ppm
leads to much slower aggregation of asphaltenes with a
uniform size distribution at different pressure steps. It is
observed that at a pressure of 4000 psi the average size of
asphaltene aggregates is 1.38 ym, which is much smaller than
the average size of aggregates in blank live oil. A comparison of
the results obtained for the blank live oil with those obtained
for the live oil treated with Fe,O; indicates that Fe,O; can
serve as an excellent asphaltene inhibitor and dispersant for
stabilizing asphaltene particles in oil with controlling the rate of
asphaltene aggregation.

HPM images in Figure 7c demonstrate that in the presence
of 150 ppm of the F-SiO, nanoparticles the formation and
aggregation growth of asphaltenes by pressure reduction are
controlled and suppressed when compared to the asphaltene
aggregation process in the blank live oil. However, as given in
Table 3, for F-SiO, nanoparticles, the asphaltene particle sizes
are larger than in the case of Fe,O; nanoparticles at
corresponding similar pressure steps. It can be inferred from
the data in Table 3 that the average sizes of asphaltene
aggregates at different pressures are in decreasing order of
(blank oil + Fe,0;) < (blank oil + F-Si0,) < (blank oil). Better
performance of Fe,O; nanoparticles compared to F-SiO,
nanoparticles in controlling the rate of asphaltene aggregation
in studied live oil is ascribed to the high number and strong
interactions of the surface sites of the Fe,O; nanoparticles with
the functional groups of mostly the unstable fraction of the
asphaltenes. This leads to a diminished self-association
tendency of the asphaltenes and thus the absence of enough
and effective nucleation sites for growth and precipitation of
asphaltene aggregates in the presence of the nanoparticles.”””"
It is worth noting that the effective nucleation sites are
expected to start to form by the self-association/aggregation of
the most unstable fraction of the asphaltene in the live oil,
followed by aggregation and growth of the nucleates through
adsorption of lighter fractions of the asphaltenes. As well, the
higher potential of Fe,0; for control of asphaltene aggregation
can be explained by the higher number and strength of the
interactions of the iron oxide surface sites with the acidic and
basic functional groups of the asphaltene particles.'” In other
words, Fe,O; nanoparticles more quickly attract asphaltenes
due to their higher adsorption affinity compared to the F-SiO,
nanoparticles. Thus, stronger polar interactions are formed
between asphaltenes and Fe,O; nanoparticles, which are
mainly acidic/basic. In addition, the higher capacity of iron
oxide for asphaltene adsorption weakens some of the
interactions between the asphaltene nanoaggregates in the
bulk medium of the oil phase. Therefore, Fe,O; nanoparticles
more efficiently control the aggregation of asphaltenes in
comparison to the F-SiO2 nanoparticles. It should be stated
that the results of HPM experiments for slower aggregation of
asphaltenes in the presence of synthesized nanoparticles
support the obtained results by SDS experiments.

3.4. Results of HPHT Filtration Experiments. Iso-
thermal HPHT filtration experiments were designed at specific
pressure steps in a single-phase region to measure the amount
of precipitated asphaltenes in blank live oil and treated live oil
with the synthesized nanoparticles at the dosage of 150 ppm.
The results of the HPHT filtration experiments are presented
in Figure 9 and Table 4. As is inferred from the overall trend in
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Figure 8. Size distribution of asphaltene particles for blank live oil and treated live oil with 150 ppm Fe,O; and F-SiO, at 4000 psi and temperature
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Figure 9. Amount of precipitated asphaltene by HPHT filtration during depressurization at 274.9 °F for blank live oil and treated live oil with 150
ppm Fe,0; and F-SiO,. The uncertainty in the measurement of the precipitated asphaltene weight percent is +1 X 107* wt %.

Table 4. Amount of Precipitated Asphaltene by HPHT
Filtration at 274.9 °F

precipitated precipitated asph in precipitated asph in
pressure  asph in blank  live oil with Fe,O; at live oil with F-SiO, at
(psi) live oil (wt %) 150 ppm (wt %) 150 ppm (wt%)
6500 0.226 0.078 0.107
5000 0.420 0.120 0.237
4000 0.586 0.141 0.458

“The uncertainty in the pressure measurement is +7 psi. The
uncertainty in the precipitated asphaltene weight percent is +2 X
107%

Figure 9, the amount of asphaltene precipitation increases as
pressure decreases down to the bubble point pressure for all
performed experiments. The increase of precipitated asphal-
tene by pressure depletion for pressures higher than the bubble
point pressure is explained by solubility theory. By pressure
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reduction at a single-phase state, the molar volume of light end
paraffinic components of the oil, which act as asphaltene
precipitants, increases relatively more than that of the heavy
end components. Therefore, it causes s less volumetric-based
aromatic state for oil and reduction of asphaltene solubility,
which results in an increase in asphaltene precipitation.

The obtained results show that in the presence of the
nanoparticles the amount of precipitated asphaltenes decreases
in comparison to the blank live oil (Figure 9 and Table 4).
However, the performance of iron oxide nanoparticles in the
reduction of asphaltene precipitation is more pronounced than
the synthesized functionalized silica-based nanoparticles. On
the basis of the obtained HPHT filtration results, the addition
of Fe,0; nanoparticles into the light oil sample leads to
precipitation of just 0.141 wt % of asphaltenes, larger than 0.20
um in size, by pressure reduction from 6500 to 4000 psi. For
the case of F-SiO,, the asphaltene precipitate amount in the
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Figure 10. FESEM images of (a, b) pure Fe,O; and F-SiO, at 200 nm scale, respectively, (c, d, e) pure and adsorbed asphaltenes onto Fe,0; and
F-SiO, at 1 um scale, respectively, (f, g, h) asphaltene aggregates without and with Fe,O; and F-SiO, at S0 um scale, respectively; asphaltenes were

extracted from live oil after HPHT filtration experiments.

pressure range from 5000 to 4000 psi increases sharply from
0.237 to 0.458 wt % in comparison to the precipitated
asphaltenes by pressure reduction from 6500 to 5000 psi. It is
depicted by a sharp change in slope of the blue curve in Figure
9 between 5000 and 4000 psi. However, Fe,O; nanoparticles
have caused more dispersion/suspension of asphaltene
aggregates in comparison to the F-SiO, nanoparticles. As
discussed in a previous section, it is attributed to the higher
number of strong interactions of the asphaltenes with the
Fe,0; nanoparticles.

3.5. Intermolecular Interactions between Nanopar-
ticles and Asphaltene. After performing HPHT filtration
experiments, pure asphaltenes precipitated in blank live oil
sample and adsorbed asphaltene onto the nanoparticles were
extracted by the IP-143 method. Then, the asphaltene—
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nanoparticle interactions and asphaltene adsorption behavior
onto the surface of nanoparticles were explored by FESEM,
TEM, FTIR, and TGA. It should be clarified that chemical and
physical properties of the extracted asphaltenes from the live
oil are completely different from the asphaltenes precipitated in
dead oil at standard laboratory conditions, called as synthetic
asphaltene. Asphaltenes in live oil, which are stabilized by
association of the resin fraction of the oil, are destabilized
because of the reduction of the bulk oil dielectric constant
during the depressurizing process,””*”> while synthetic
asphaltenes are formed by titration of the crude oil with
normal alkane solvents (e.g., n-C,). In synthetic asphaltenes
formed at ambient conditions, destruction of asphaltene
micelles occurs, and they are friable with no resinous materials.
As in this work, the asphaltenes are extracted from the live oil

https://dx.doi.org/10.1021/acs.energyfuels.1c00060
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Figure 11. TEM images of (a) pure asphaltene and (b, c) Fe,0; and F-SiO, nanoparticles after asphaltene adsorption, respectively. Darkness
reduction of TEM images in (b) and (c) in comparison to (a) proves that addition of nanoparticles to the oil prevents severe asphaltene

aggregation and formation of thick and dense asphaltene flocs.

samples during depressurization, and the asphaltene—nano-
particle interactions have occurred in a real oil medium at
elevated pressures and temperatures. Thus, the behavior of
asphaltene adsorption onto the surface of nanoparticles and
subsequent asphaltene—nanoparticle interactions negligibly
change during the extraction process. Accordingly, the
obtained results reflect the asphaltene adsorption behavior at
HPHT conditions.

3.5.1. FESEM Analysis. FESEM analyses have been
performed on synthesized nanoparticles before and after
adsorption of asphaltenes to study the surface morphologies
of the samples (Figure 10). FESEM observations have shown
that Fe,0; nanoparticles are nearly rough elliptical in shape;
the average size of the pure Fe,O; is about 40—60 nm (Figures
10a). Surface morphology of the F-SiO, sample (Figure 10b)
indicates uniformly sphere-like nanoparticles with sizes in the
range of 25—40 nm. The average sizes of the synthesized
nanoparticles by FESEM are in line with the results obtained
from the BET measurements (Table 2).

The FESEM image in Figure 10c shows that the structure of
pure asphaltene comprises both smooth and rough surfaces on
which agglomerated particles are deposited. These agglomer-
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ates are most likely attributed to the presence of resinous
materials or maltene fractions of oil that are normally attached
to the structure of asphaltene as a support for their dispersion
in bulk of oil.

In comparison to pure nanoparticles, for nanoparticles with
adsorbed asphaltenes, the morphology of the surface forms an
irregular shape with distinct boundaries, as observed in Figure
10d, e, g, and h. The irregular structure of nanoparticles is
related to the adsorption of asphaltenes onto the surface of
nanoparticles, which leads to weaker interactions of nano-
particles with neighboring undecorated particles. Also, the
adsorbed asphaltenes onto the surface of nanoparticles are
stabilized, and their affinities toward dispersed asphaltenes in
the bulk medium of oil or those adsorbed onto the adjacent
nanoparticles are abated. This adsorption phenomenon, in
principle, assists with more stability and dispersion of
asphaltenes and controls the growth process of the asphaltene
aggregates sizes in the nanometer scale. Higher magnification
of Figure 10f compared with Figure 10c has indicated that the
surfaces of asphaltene aggregates became more fragmental and
shattered with formation of deep grooves and cleavage fracture
patterns. The formation of these patterns may be the result of

https://dx.doi.org/10.1021/acs.energyfuels.1c00060
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Figure 12. FTIR spectra of (a) pure asphaltenes, pure Fe,0;, and adsorbed asphaltenes onto the Fe,0, and (b) pure asphaltenes, pure F-SiO,, and

adsorbed asphaltenes onto the F-SiO,.

elimination of resins/maltenes occupying the cracks or gaps in
the asphaltene structure. The elimination of created grooves/
fractures in Figure 10g and h is contributed to the interactions
of asphaltenes with nanoparticles acting as resin-like materials
for stabilizing aggregated asphaltenes in the oil stream. Also,
Figure 10g demonstrates that in the presence of Fe,O;
nanoparticles the gaps, grooves, or fractures are better
occupied compared to the F-SiO, nanoparticles; this is in
agreement with the results of SDS, HPM, and HPHT filtration
experiments for higher asphaltene dispersion and inhibitory
performance of Fe,O; related to F-SiO,. Comparison of the
FESEM image in Figure 10g with h discloses that the sizes of
asphaltene aggregates adsorbed onto the Fe,O; nanoparticles
are smaller than the sizes of aggregates on the surfaces of the F-
SiO, nanoparticles. Thus, this explains the higher performance
of the Fe,O; nanoparticles for controlling the size growth of
asphaltene aggregates.

3.5.2. TEM Analysis. TEM is particularly effective at
providing a direct image of nanoaggregates and clusters in
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different asphaltene samples. Figure 11a, b, and ¢ shows the
TEM images of pure asphaltenes and adsorbed asphaltenes
onto the Fe,O; and F-SiO, nanoparticles, respectively. The
images in the right column of Figure 11 show the close-up
views of selected areas. Figure 11a demonstrates that purified
asphaltene mainly consists of an irregular tangled structure
with edges like a cauliflower, with an average size of 110—150
nm, in agreement with Perez-Hernandez et al. and
AlHumaidan et al>»>* The observed tangled structure is
ascribed to the existence of alkyl chains; these alkyl chains
inhibit the complete stacking of aromatic sheets in asphaltene.
The weak stacking of aromatic sheets causes an irregular and
amorphous asphaltene structure which is obvious near the edge
and in the inside of the sample. The mean distance between
the stacking lines of aromatic sheets in purified asphaltene,
referred to as mean interlayer spacing, is 0.385 nm as depicted
in Figure 1la.

The TEM images in Figure 11b and c reveal that with
addition of nanoparticles into the oil sample the size of
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Figure 13. TGA mass loss curves of pure asphaltenes and asphaltenes adsorbed onto Fe,O; and F-SiO, nanoparticles; asphaltenes were extracted
from live oil after HPHT filtration experiments by the IP-143 method.

irregular tangled asphaltene structures is considerably
decreased from 110—150 to about 40—80 nm. Furthermore,
the mean interlayer spacing between aromatic sheets in the
presence of Fe,O; and F-SiO, nanoparticles increases from
0.385 to 0.470 and 0.442 nm, respectively. The decrease in
asphaltene size and increase in mean interlayer spacing lead to
the alteration of the asphaltene sample from unstable to stable
as a consequence of attenuation of the m—rm stacking
interaction between asphaltene molecules and establishment
of strong interactions between nanoparticles and functional
groups of asphaltene. These results are in line with the results
obtained by FESEM.

3.5.3. FTIR Analysis. Here, the FTIR technique is used as
the qualitative method for evaluation of functional groups of
pure synthesized nanoparticles, solid asphaltenes, and adsorbed
asphaltenes onto the surface of nanoparticles. The FTIR
spectra of the analyzed materials are shown in Figure 12. For
pure Fe,O; (Figure 12a), the strong absorption peaks at 548
and 465 cm™' can be attributed to the Fe—O band
vibrations.”> The weak absorption peak at 3418 cm™ is
assigned to the stretching and bending vibrations of the O—H
bond which is an indication of a small amount of adsorbed
water.’® In the FTIR spectrum of F-SiO, in Figure 12b (green
curve), two important absorption peaks around 1100 and 835
cm™ are assigned to symmetric and asymmetric Si—O—Si
stretching modes, respectively. As well, the peak near 460 cm™!
can be ascribed to the Si—O bending bond.”” The absorption
band at 3410 cm ' shows the presence of just a small amount
of water which is recognized as the stretching vibration of
either free O—H groups or free H,O molecules.”

For pure asphaltenes, the obtained spectrum (Figure 12a
and b, curve in blue) shows a C—H bond at 3415 cm™
corresponding to a vibration in the aromatic double bonds (=
C—H). It seems that the O—H groups have also been
overlapped in this region. The two strong peaks at 2923 and
2853 cm™" are detected in the regions for asymmetric alighatic
C—H; and C—H, stretching vibrations, respectively.5 The
low-intensity absorption band at around 1700 cm™ is assigned
to the stretching vibration of —C=0 in the carboxyl groups.”
The relatively weak peak at 1620 cm™' is associated with
stretching vibrations of C=C aromatic bonds.”” The flexion
bending mode of the CH, and CH; groups is responsible for
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the peaks at 1459 and 1378 cm™!, respectively.”” The weak
peak at 1304 cm™ corresponds to the C—N aromatic amine.”

The detected sharp peaks at 2923, 2853, 1459, and 1378
cm™ in the spectrum of pure asphaltenes, as representative
peaks, have been also observed for adsorbed asphaltenes onto
the Fe,0; and F-SiO, nanoparticles but with less intensity (red
curve in Figure 12a and b). It confirms the full adsorption of
asphaltenes onto the surfaces of synthesized nanoparticles. By
comparison of the FTIR spectra of the adsorbed asphaltenes
onto the surfaces of Fe,O; and F-SiO, nanoparticles, the first
feature worth commenting on is that the intensities of the
observed peaks at 2923, 2853, 1459, and 1378 cm™! for
asphaltene-Fe,0; are higher than the adsorbed asphaltenes
onto the surface of F-SiO,. It is also noticed that the
absorption peaks at 548 and 465 cm™' for Fe—O band
vibrations have been more intensified in comparison to the
weak absorption peak for the Si—O bending bond. Thus, more
noticeable spectral changes are observed for the FTIR pattern
of Fe,O; nanoparticles after asphaltene adsorption. From these
observations, it can be elucidated that more iron oxide
nanoparticles were capped by asphaltenes, which confirms the
much higher affinity of Fe,O; for asphaltene adsorption than
that of F-SiO,. All these findings propose that ferrous oxide
promotes the interaction of the nanoparticles with asphaltenes,
which in principle agrees with the others’ observations.”"*>

3.5.4. TGA Analysis. The thermal stability or refractory
nature of asphaltenes can be established by TGA with the
measurement of weight loss. In addition, the amount of
nanoparticles encapsulated into the asphaltene aggregates can
be determined from the TGA data. TGA was carried out for
asphaltene samples obtained from blank live oil and treated live
oil with nanoparticles in HPHT filtration experiments to assess
the adsorption of asphaltene aggregates onto the nanoparticles
surfaces. The combustions of pure asphaltenes and asphaltenes
adsorbed onto the surface of Fe,O; and F-SiO, are presented
in Figure 13.

On the basis of the TGA results, the thermal degradation of
the studied pure asphaltene takes place in a single process with
two main mass loss peaks (i.e., low and high temperature mass
loss peaks), starting around 200 °C and ending at about 600
°C, with a residue content of less than 1% of the initial mass.
This residue may consist of large aggregates of polycyclic
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Figure 14. Schematic representation of some possible applications of the synthesized nanoparticles in oil industry. In Al (surface of the reservoir
rock in porous media), B1 (tubing surface in oil well), and C1 (flow line or connections of the wellhead assembly), the asphaltenes have deposited.
By usage of the nanoparticles or nanofluids, asphaltene precipitation and deposition have been controlled in A2, B2, and C2. A2, B2, and C2

represent the states in which nanoparticles have been used.

condensed aromatic compounds and different elements such as
V, Nij, and Fe that are stable at higher temperatures. The first
step or low temperature mass loss peak is attributed to the
degradation of aliphatic side chains (ie, easily oxidized
hydrocarbons); the second step or high temperature mass
loss peak is associated to the degradation of the polynuclear
aromatic sheets or the stacked layers as reported by others.”>**

Comparing the thermal profile of pure asphaltene (red
curve) with the asphaltene adsorbed onto the nanoparticles
shows that fully burning and the maximum weight loss
temperature of asphaltene has decreased from 600 to about
500 °C. This shift in maximum weight loss temperature is
attributed to the high adsorption of asphaltene on to the
surfaces of the nanoparticles, which results in more asphaltene-
accessible surface for burning. Consequently, it accelerates the
asphaltene degradation/combustion process. The residue
contents of the degradation process at the highest temperature
in the presence of Fe,O; and F-SiO, nanoparticles are about
38% and 44%, respectively. This residue content is more than
the corresponding residue for the case of pure asphaltene
(<1%). The largest fraction of the residue is the nanoparticles.
Results of TGA also show that Fe,O; nanoparticles can adsorb
about 62% of asphaltenes (38% residue) which is more than
the adsorbed asphaltenes by F-SiO, (about 56%). It proposes
that much stronger intermolecular interactions occur between
the adjacent molecules of Fe,O; with asphaltenes such as
hydrogen bonding, van der Waals, electrostatic, charge transfer,
acid—base, and steric interactions. These data confirm the
results obtained from FTIR analysis in Figure 12a and b. As a
final point, similarities in the overall trend of the TGA curves
in all cases show that no new or extra materials are formed
because of the asphaltene—nanoparticle interactions. However,
the nature and the structure of asphaltenes become less dense
and softer when live oil is treated with the nanoparticles,
concomitant with TEM results presented in Figure 11.

3.6. Implication of Experimental Results for Oil Field
Applications. The synthesized nanoparticles, especially iron
oxide (Fe,0;), are environmentally friendly and cost-effective
materials with high potentials, which can be employed as the
asphaltene inhibitor and dispersant to control the formation
and growth of asphaltene particles in live oils at pressure and
temperature conditions of oil fields. They can resolve
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operational issues induced by asphaltene in different sections
of the oil industry. The possible applications of the synthesized
nanoparticles are briefly discussed as follows.

The structural analyses of the synthesized nanoparticles by
different techniques (BET, TEM, FESEM) have shown that
the Fe,O; and F-SiO, nanoparticles are uniform with average
sizes in the range of 30—55 nm. The petrophysical—reservoir
studies on different oil fields have established that the pore-
throat radius of most reservoir rocks is in the range of 0.1—100
um.*>% Hence, the synthesized nanoparticles can be easily
injected in reservoir formations as an asphaltene inhibitor to
postpone the onset pressure of asphaltene formation without
pore-plugging concerns. The average sizes of the asphaltene
aggregates in pressure and temperature ranges of oil wells,
hydrocarbon flowlines, and production—refinery units are in a
wide range from 10 nm to 15 pum.*97% Therefore, the
mesoporous scale size of nanoparticles could be the optimum
particles size for asphaltene adsorption. Consequently, the
synthesized nanoparticles can be used in required sections as
an efficient asphaltene dispersant to tackle the related
problems. In Figure 14, applications of synthesized nano-
particles in different sections of an oil production system have
been schematically illustrated. Without nanoparticles, asphal-
tene is deposited on reservoir rock/tubing surfaces and over
the surface of the wellhead assemblies (Al, B1, and C1 in
Figure 14). Injection of nanoparticles into the reservoir porous
media and oil well (A2, B2, and C2) leads to the stabilization
and dispersion of asphaltene in the bulk oil phase and thus
prevents the plugging of porous media by the aggregation and
growth of asphaltenes.

Mechanical methods, as the most current applied routines
for treatment of asphaltene-related problems in oil fields, have
negative points, as they are costly and unsafe due to technical
risks such as tools stucking in the wells. Further, mechanical
methods are inapplicable in the formation near the wellbore
region with maximum asphaltene formation damage, and their
usage requires stopping or disrupting the oil production. Thus,
inhibition chemical strategies such as using nanoparticles at
HPHT conditions are more attractive and advantageous
approaches.

Implementation of synthesized nanoparticles in an oil
production system requires uniform dispersion of synthesized
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nanostructures in a base fluid to prepare the nanofluid.
Considering that the oil is an organic compound, different
types of organic base fluid or solvents such as aromatics and
common petroleum products can be used for preparation of
the desired nanofluids. For production tubing or porous media
applications, the nanofluid can be injected by coil tubing or
injection pumps through the chemical injection valves installed
on appropriate points. For injection of nanofluids into the
porous media, the altered or damaged zone (ie., effective
wellbore radius or skin radius) near the wellbore should be
determined. The effective wellbore radius and the method of
injection (continuous or batchwise) require core-flood experi-
ments at pressure and temperature conditions of operation. As
well, recent studies propose in situ synthesis of nanoparticles in
the oil medium by the aid of asphaltenes as the oil indigenous
surfactants.”””® This method should be further evaluated at
operational conditions as an injection scenario for chemical
inhibition or dispersion of asphaltene precipitation in porous
media. For selection and design of base fluid, economical and
environmental concerns should be taken into consideration. In
addition, the stability or complete dispersion of nanoparticles
in a base fluid is an important challenging matter faced by
different industries. To avoid the sedimentation of nano-
particles during its operation, efficient surfactants may be
added to the base fluid.

4. CONCLUSIONS

In this study, Fe,O; and functionalized SiO, (F-SiO,)
nanoparticles were synthesized to assess their potential
applications for controlling formation and growth of
asphaltenes in an unstable live oil at high pressures and
temperature of oil field conditions. In the presence of Fe,O;
and F-SiO, nanoparticles, the studied live oil remains more
stable, and the onset of asphaltene precipitation has been
delayed during isothermal depressurization. However, the
performance of Fe,O; in the control of asphaltene precip-
itation and aggregation is much higher than the F-SiO,
nanoparticles. The average sizes of asphaltene aggregates by
HPM and the amount of precipitated asphaltenes by HPHT
filtration at different pressure steps and a temperature of 274.9
°F are in decreasing order of (blank oil + Fe,0;) < (blank oil +
F-Si0,) < (blank oil). TEM analyses demonstrate that the
addition of nanoparticles to the live oil leads to reduction of
the size of irregular tangled asphaltene structures from 110 to
150 nm to about 40—80 nm. Considering the average size of
the pore-throat radius of most reservoir rocks, pore-plugging
concerns of asphaltene in porous media can be resolved. The
decrease in the asphaltene aggregate size and increase in the
mean interlayer spacing of the asphaltene aromatic sheets alter
the unstable asphaltene sample to be stable due to the
attenuation of the 7— stacking interaction between asphaltene
molecules and establishment of strong nanoparticle—asphal-
tene interactions. Compared to F-SiO,, Fe,O; nanoparticles
exhibit a higher potential to interact with the asphaltenes and
help stabilize them in the oil phase. Obtained results from
HPHT experiments are well justified with analysis of
intermolecular interactions by FESEM, FTIR, and TGA.
Findings of this study demonstrate that Fe,O; nanoparticles
can serve as an excellent asphaltene inhibitor and dispersant for
stabilizing asphaltenes in live oil with controlling the rate of
asphaltene aggregation at HPHT.
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