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Abstract Prevention of asphaltene formation in reservoir

rocks can result in resolving a severe long-lasting issue in

petroleum production. The present research addresses the

issue in the context of exploring the potential effect of

nickel oxide (NiO) nanoparticles in destabilizing asphal-

tene deposition in porous media, in the presence of carbon

dioxide. To ensure proper distribution within the system

and to retain future field-scale applicability, the NiO

nanoparticles were exposed to the in situ oil via injection

gas stream, in which they had been uniformly dispersed

using polydimethylsiloxane (PDMS). The experimental

results, established under miscible CO2 state, indicate a

considerable improvement in permeability/porosity reduc-

tion of core, as well as less asphaltene accumulation in

porous media and increased oil recovery factor after ap-

plying NiO nanoparticles.

Keywords Nanoparticle � Asphaltene �
Carbonate matrix � Nickel oxide

Introduction

Nanotechnology has growingly found considerable appli-

cations in many branches of science as well as in the pet-

roleum industry. The main feature of nanoparticles making

their application appealing is their size and the capability

of characteristics manipulation. Within the petroleum in-

dustry domain, the main attraction resides with the

nanoparticles’ remarkable mobility, due to their size, which

allows them to effectively flow through reservoir pores

(\1 lm). Moreover, the characteristics of nanoparticles

can be modified to favorably alter the rheological/surface

tension/wettability properties of injecting (nano) fluid

(Kapusta et al. 2012), particularly useful to enhanced oil

recovery (EOR) applications.

A number of studies have been conducted to analyze the

effect of metal oxide nanoparticles on asphaltene inhibi-

tion. These included experiments with oil samples con-

taining dissolved gas in the solution (live oil sample) and

oil samples without dissolved gas (dead oil sample). Mo-

hammadi et al. (2011), for instance, conducted experiments

with dead oil samples under static conditions to study the

effects of TiO2, SiO2 and ZrO2 nanoparticles, and con-

cluded that TiO2 nanoparticles can enhance the stability of

asphaltene nanoaggregates through formation of hydrogen

bonds at acidic conditions (pH\ 4) and having an inverse

effect at basic conditions. Nasser et al. (Nassar et al. 2012a,

b; Nassar et al. 2011) experimentally confirmed the ability

of NiO, CO3O4 and Fe3O4 nanoparticles to improve the

thermal decomposition of asphaltenes. The catalytic ac-

tivity of the selected nanoparticles toward asphaltene de-

composition was then determined as NiO[CO3O4[
Fe3O4. Moreover, it was revealed through experiments

with Fe3O4 nanoparticles (Nassar et al. 2012a, b; Nassar

et al. 2011) that such adsorption/oxidation rate increases
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with decrease in the molecular weight of the asphaltenes.

Some studies focusing on NiO nanoparticles (Abu Tar-

boush and Husein 2012a, b) explored the remarkable affi-

nity characteristics of NiO nanoparticles toward adsorption

of asphaltenes, which indeed served as our main motivation

for its choice in the present work. More recently, Franco

et al. (2013) studied the effects of different types of

nanoparticles for causing delay or inhibition in asphaltene

deposition in porous media under flow conditions. The

experiments unveiled the good property of the considered

nanoparticles in having relatively short adsorption equi-

librium time for asphaltene (*2 min), which implies

promising potential of delaying agglomeration and inhibi-

tion of asphaltene precipitation in porous media.

On the other hand, asphaltene precipitation is a major

issue affecting EOR success. Since miscible CO2 injec-

tion is considered a major EOR technique, substantial

research was devoted to study the formation damage

induced by asphaltene precipitation/deposition during

miscible CO2 injection. Sim et al. (2005), for example,

used core flooding tests to investigate the reduction in

permeability at pressure and temperature conditions of

reservoir under miscible CO2 injection. Their results

indicated that the degree of formation damage, induced

by the same CO2/oil mixture, was related to the initial

permeabilities, with higher damage occurring in higher-

permeable cores. Experimental results by Hayashi and

Okabe (2010) on sandstone and carbonate cores under

dynamic gas injection showed asphaltene being equally

distributed in the core (in the case of associated gas

injection), while being mainly deposited near the core

inlet (in case of CO2 injection). Studies performed on

asphaltene precipitation under dynamic CO2 injection

also report permeability reduction in sandstone cores in

immiscible CO2 state (Wang et al. 2013). Recently,

Wang and Gu (2011) performed dynamic CO2 flooding

tests in sandstone cores in both miscible/immiscible

states. It was concluded that the onset pressure of as-

phaltene precipitation is much lower than the minimum

miscible pressure (MMP). Moreover, the oil recovery

factor was determined to be higher and the oil effective

permeability reduction to be larger at a higher injection

pressure (in immiscible CO2 case) while reaching nearly

constant maximum values in the miscible CO2 case

(P C MMP). For a comprehensive review of the subject

the reader is referred to the article by Wang and Gu

(2011) and the references therein.

The present study entails analysis of the inhibition effect

of NiO nanoparticles on asphaltene under dynamic misci-

ble CO2 core flooding. The work bears the distinction that

it addresses the issue of NiO effectiveness within the

context of CO2 presence in porous media.

Experimental setup and procedure

Figure 1 shows a schematic view of the high-temperature–

high-pressure (HTHP) apparatus used in the present work.

The instrument is designed such that the analysis of as-

phaltene precipitation under dynamic oil-flow conditions in

porous media can be attained. The apparatus is mainly

composed of the following sections:

A high-pressure positive displacement (DBR) pump, al-

lowing fluid displacement under constant pressure or flow

rate; transfer vessel, intended for storage or transfer of fluid;

differential pressure transducer, which measures the pressure

difference between the two ends of the corewith a precision of

0.1 psi; back-pressure regulator, used for regulating the

pressure of the fluid exiting the core; gas flowmeter and scaled

sampler, used for measurement of gas and fluid produced,

respectively; core holder, used for holding the core which can

stand pressures up to 10,000 psi and temperatures up to

200 �C;manual pump to apply confining pressures around the

core; heating system and temperature controller for heating

and applying different temperatures to the system.

The core holder, situated vertically, is composed of a

stainless steel cylindrical body and a rubber sleeve, into

which the core is placed. The empty space between the

cylindrical body and the sleeve is filled by a fluid, through

which the confining pressure is applied on the outer surface

of the sleeve. This pressure on the outer surface area of the

sleeve, the confining pressure, is always adjusted to be

above the pressure of the fluid being injected into the core,

such that the injecting fluid does not flow through the

empty space between the core and the sleeve. A spacer

which is made of stainless steel and having circular groove

is placed at the end of the sleeve to make sure that the

injected fluid is distributed at the whole surface area of the

core sample and also the inside of the core holder is filled.

The positive displacement pump, which is capable of

applying pressures up to 15,000 psi, causes fluid to flow

into the core, at a constant flow rate, by applying pressure

to the bottom of the transfer vessel. The DBR pump can

ensure fluid injection at a flow rate of 0.01 cc/h. To achieve

the temperature conditions of the reservoir, the core holder

is placed inside the heating system, in which the tem-

perature is automatically controlled. The pressure of the

output fluid is controlled by the back-pressure regulator.

Fluids, after passing through the DBR pump, enter the

scaled sampler and gas is directed into the gas flow meter.

Materials

The live oil sample used, with properties enlisted in

Table 1, was obtained from an Iranian oilfield. The
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asphaltene content of the oil sample used was determined

through SARA test to be nearly 4.33 % (Table 2). The core

samples used were all of carbonate type, with petro-phy-

sical characteristics enlisted in Table 3.

Nanoparticle synthesis and analysis

The nanoparticle chosen in the present work was nickel

oxide nanoparticle, which was produced through the spray

pyrolysis method. In essence, the spray pyrolysis involves a

process in which nanoparticles are precipitated over a hot

surface through spraying of a solution. The considered

solution is turned into fine droplets inside a gas and is

subsequently sprayed onto a reactor, over which chemical

reactions occur to form chemical species. The reacting

elements are chosen such that the undesired chemical

species produced are volatile under reaction conditions.

The process is highly suitable for production of nanos-

tructured oxides (Mooney and Radding 1982; Patil 1999).

Figure 2 shows a typical spraying system used in this re-

search. It mainly consists of a spraying nozzle, reactor,

precursor solution, two electric furnaces, temperature

controller, bag filter, and air compressor or gas propellant.

The reactor was made of stainless that had 5 cm diameter

and 240 cm length, and the diameter of the nozzle used to

spray the solution was 1 mm.

The material used for synthesis of nickel oxide

nanoparticles was nickel acetate (C4H6NiO4) from Merck.

Initially, an adequate amount of nickel acetate was dis-

solved in water, and then citric acid solvent was added to

Fig. 1 Schematic of the

experimental setup

Table 1 Properties of the live oil sample used, and the experimental

temperature

Reservoir temperature 120 �C
API 27.48

Saturation pressure 5,369 psi

Oil formation volume factor at saturation pressure 2.7953 Rbbl/STB

Density of oil at saturation pressure 0.5982 g/cc

Viscosity of oil at saturation pressure 0.1949 cp.

Table 2 SARA test results of the oil sample contents (by weight

percent)

Saturates Aromatics Resins Asphaltene

48.77 30.93 15.95 4.33
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the mixture in stoichiometric ratio, forming a homogeneous

gel. The droplets of the produced solution were dispersed

into the carrying gas and transported to the reaction envi-

ronment. The mixture of the carrying gas and solution gas

enters through the pressure nozzle into the spray pyrolysis

reactor, operating at a temperature between 500 and

600 �C. Following the reaction, the available solvent was

evaporated and left the produced fine solid particles behind.

The solid phase was then separated from the vapor phase

by a bag filter. Figure 3 shows the X-ray diffraction (XRD)

analysis of the particles produced. As observed, the XRD

results depict peaks at angles of 43�, 52�, and 75�.
The mean crystalline size of the produced particles was

calculated by application of Scherrer ‘s equation (Mo-

hammadiani et al. 2012):

D ¼ Kk=b cos h; ð1Þ

where D is the mean crystalline size of powder, k is the

radiation wavelength of Cu, ka (here taken to be

1.54056Å), b is the full width at half-maximum (FWHM)

intensity of the second peak, h is the Bragg’s diffraction

angle and K is a constant, usually equal to 0.9. The mean

crystalline size of the produced NiO powder was

D = 60 nm.

Experimental procedure

To analyze the process of asphaltene precipitation in oil flow

inside porous media and the effect of nanoparticle presence

in the process, three experiments were devised. The main

parameters considered in these three experiments were the

change in permeability/porosity, the change in the asphal-

tene content, and the change in the oil recovery factor.

The first experiment (EXP-1) involved injection of live

oil into the core, to analyze the effects of injection pressure

and flow rate, which also entails the mechanism of organic

material precipitation during the natural depletion process.

At first, to study the effect of injection pressure, live oil

was injected into the core at a temperature of 120 �C and

constant flow rate of 9 (cc/h) and at pressure intervals of

5,500, 6,000, and 6,600 psi. Then, at the pressure of 5,400

psi which is close to the oil‘s bubble point pressure, core

injection was attempted under three altered flow-rate con-

ditions of 6, 9, and 18 (cc/h). The asphaltene content of the

oil was determined based upon the IP 143 (ASTM D6560)

standard method (Energy Institute 2005).

In the second experiment (EXP-2), the asphaltene pre-

cipitation inside the core was studied by injecting CO2 into

the core. The injection of carbon dioxide was attempted

Table 3 Petro physical properties of core samples

Test number Core type Length (cm) Diameter (cm) Grain density (g/cc) Porosity (%) Air permeability (md)

1 Carbonate 5.019 3.734 2.687 8.093 2.982

2 Carbonate 5.001 3.718 2.687 16.953 7.285

3 Carbonate 5.001 3.718 2.687 15.941 6.943

Fig. 2 Schematic of the spray

pyrolysis setup used in this

research
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under miscible conditions, pertaining to pressures above

the minimum miscible pressure.

The procedure was initiated by saturating the core fully

with reservoir formation water and then raising the system

temperature to the reservoir temperature considered

(120 �C). The DBR pressure was set to 6,000 psi. The

absolute permeability was measured by injecting reservoir

water under three different flow rates. The wettability and

saturation of connate water (Swi) were also measured by

injecting cyclohexane under three different flow rates. The

core was then saturated with live oil sample by injection at

a constant flow rate. This was followed by injection of

CO2, to displace the oil inside the core and sampling of

output oil for asphaltene content determination. The

change in permeability of the core, after gas injection, was

measured by re-injection of cyclohexane under essentially

similar conditions.

In the third experiment (EXP-3), to study the effect of

nanoparticle presence on asphaltene precipitation, nickel

oxide nanoparticles were dispersed into CO2. To facilitate

comparison, the third set of experiment was carried out

under the same procedures of EXP-2, with the exception

that the injecting CO2 in this case was the carbon dioxide

stream saturated with nanoparticles as opposed to the pure

CO2 case. Polydimethylsiloxane (PDMS) was used for

dispersing nickel oxide nanoparticles into CO2, as sug-

gested in the literature (Shah and Rusheet 2009).

The devised procedure for nanoparticle dispersion first

involved mixing NiO nanoparticles with PDMS at a ratio

of 1:3. The nanofluid was then exposed to ultrasonic waves

for a duration of 30 min, to avoid particle clogging and

ensure uniform distribution inside the PDMS. A certain

value of nanofluid was placed inside an accumulator and

CO2 was then injected into the accumulator. The pressure

inside the accumulator was raised above the mixing pres-

sure of the PDMS dispersant and CO2 (2,500 psi). The

accumulator was shaken for a duration of 24 h to enhance

the dispersion quality, after which the accumulator pressure

was raised to the injection pressure of interest.

Dynamic light scattering (DLS) tests were conducted to

ascertain the particle size distribution of asphaltene in the

injecting as well as produced oil samples in EXP-3, using

Zetasizer� ZS (Malvern Instruments, Worcestershire, UK).

Results

First experiment

As discussed earlier, the aim of EXP-1 was to investigate

the effect of pressure reduction and flow-rate change on the

asphaltene precipitation phenomenon during a natural de-

pletion process. Such pressure reduction is conceivable in

producing oilfields and is considered as a contributing

factor to the asphaltene issue. To approach our goal, we

initially calculated the absolute permeability of the core,

after saturation with water, using Darcy’s equation under

three different flow rates:

k ¼ QLl=ADP; ð2Þ

where k is the permeability in Darcy, Q is the flow rate in

the core in cm3/s, L is the effective core length (i.e., the

length over which the pressure drop is measured) in cm, l
is the fluid viscosity in centipoises, A is the cross-sectional

area of the core in cm2, and DP is the pressure drop along

the core length in atm. The absolute permeability of the

core sample was calculated as 0.28678 md. The absolute

permeability can be determined from single flow-rate data;

nevertheless, we attempted to determine it over three dif-

ferent flow rates and its average value has been taken into

account.

Oil injection was attempted at a constant flow rate of 9

(cc/h) and the temperature and pressure conditions of

120 �C and 6,600 psi, respectively. Oil injection was

continued until the pressure difference between the two

ends of the core was stabilized. Then, the process was

repeated by changing the injection pressure to 6,000 and

5,500 psi. The oil permeability was continuously measured

by recording the pressure difference alongside the core.

Owing to low permeability of the considered core sample,

precipitation of a small amount of asphaltene should bring

about a considerable reduction in permeability. However,

the permeability results, as shown in Figs. 4, 5 and 6, do

not exhibit a notable reduction. At a pressure of 6,600 psi,

permeability variations increased; yet they did not follow a

particularly stable pattern. Such small permeability varia-

tions are because of the existence of connate water. In other

words, such small variations last until the water leaves the

core and its saturation in the core reaches Swi (30 % in our

Fig. 3 XRD pattern of NiO nanoparticles
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case). Permeability variations in other injection pressures

have been nominal and have followed a stable pattern.

Determination of asphaltene content in the output oil

samples shows the asphaltene amount to have nominal

change and to remain nearly equivalent to its initial value

in the process. This indicates that the asphaltene had not

undergone any precipitation in the core, which is partially

in contrast to some literature results (Mohammadi et al.

2011). It also indicates the ineffectiveness of the consid-

ered parameters on asphaltene precipitation, in this case.

Figure 7 shows the asphaltene content of output oil against

the injection pore volume (PV).

Having completed the analysis of pressure reduction

effect, the flow-rate effect was afterward considered by

conducting experiments under three different injection

flow-rate conditions: namely, 6, 9, and 18 (cc/h). Subse-

quently, the injection process was carried out at a pressure

of 5,500 psi, which is essentially close to the bubble point

pressure of the oil sample. Figures 8, 9, 10, and 11 depict

the corresponding permeability change/asphaltene content

results. It can be deducted from the figures that the flow-

rate change, likewise pressure reduction, did not have no-

table change on asphaltene precipitation.

Second experiment

Since EXP-2 involved injection of CO2 to study the effect

of change in oil composition, it was essential to first

Fig. 5 Percentage of the ratio of permeability (k) to reference

permeability (kref) against oil-injected pore volumes at an injection

pressure of 6,000 psi and a flow rate of 9 (cc/h)

Fig. 6 Percentage of the ratio of permeability (k) to reference

permeability (kref) against oil-injected pore volumes at an injection

pressure of 5,500 psi and a flow rate of 9 (cc/h)

Fig. 7 Asphaltene content of oil produced (wt %) against oil-injected

pore volumes during oil injection at different injection pressures and a

constant flow rate of 9 (cc/h)

Fig. 4 Percentage of the ratio of permeability (k) to reference

permeability (kref) against oil-injected pore volumes (PV) at an

injection pressure of 6,600 psi and a flow rate of 9 (cc/h)

Fig. 8 Percentage of the ratio of permeability (k) to reference

permeability (kref) against oil-injected pore volumes at an injection

pressure of 5,500 psi and a flow rate of 9 (cc/h)
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determine the minimum miscible pressure to delineate

miscible conditions. The MMP pressure was calculated,

based on the oil PVT data, injecting gas composition and

experimental temperature, and found to be close to 5,700

psi. However, EXP-2 was conducted at an over-MMP

pressure (6,000 psi) to secure CO2 miscibility at 120 �C.

To avoid core plugging during EXP-2, core samples

with higher permeability/porosity than the corresponding

EXP-1 cores were selected, but the core type essentially

remained unchanged (i.e., of carbonate type). Evaluation of

permeability during the gas injection process was not at-

tainable, due to continuous change in the composition of

injecting fluid during miscible gas injection process, which

brought about continuous change in fluid viscosity.

Therefore, to determine the core permeability, before and

after gas injection, it was necessary to employ a fluid with

essentially neutral functionality toward asphaltene parti-

cles, and in which the asphaltenes are insoluble. Cyclo-

hexane was chosen for this purpose, by which core

permeability was determined both before and after gas

injection. The results confirmed that asphaltene particles

reduced the permeability by as much as 20 %.

The amount of output asphaltene remained almost un-

changed until the gas break-through (roughly correspond-

ing to injecting of 0.7 PV of gas into the core) and was

decreased afterward, indicating asphaltene precipitation in

the core. The output asphaltene was measured using IP 143

standard. Once the information of the asphaltene value in

the input/output streams is known, the amount of asphal-

tene precipitates in the core can be readily established

using material balance. Figure 12 shows the amount of

output asphaltene (by weight percentage) as well as the

amount of asphaltene precipitation in the core against the

pore volume amount of injecting gas.

The asphaltene precipitates inside the core occupy part

of the available (non-matrix) space and will cause reduc-

tion in porosity. Figure 13 shows the percentage ratio of

porosity over the initial porosity of the core against the

pore volume amount of injecting gas. It is obvious that

asphaltene precipitates have less severe effect on porosity

than permeability.

In EXP-2, the oil recovery factor (RF) was nearly 70 %,

with a larger portion being produced before the gas break-

Fig. 10 Percentage of the ratio of permeability (k) to reference

permeability (kref) against oil-injected pore volumes at an injection

pressure of 5,500 psi and a flow rate of 18 (cc/h)

Fig. 11 Asphaltene content of oil produced (wt %) against oil-

injected pore volumes during oil injection at a constant injection

pressure of 5,500 psi and different flow rates

Fig. 9 Percentage of the ratio of permeability (k) to reference

permeability (kref) against oil-injected pore volumes at an injection

pressure of 5,500 psi and a flow rate of 6 (cc/h)

Fig. 12 Asphaltene content of produced oil (wt %) and cumulative

mass of asphaltene precipitated in the core against gas-injected pore

volumes during miscible CO2 injection in EXP-2
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through stage. Figure 14 illustrates the oil recovery factor

and the gas/oil ratio (GOR) obtained during the injection

process.

Third experiment

In EXP-3, the application of nanoparticles as potential

asphaltene inhibitor was studied under dynamic conditions.

Our choice of nanoparticle was hinted by its previous usage

in the literature under the static mode (Nassar et al. 2012).

For practical reasons, NiO nanoparticles were dispersed in

CO2 prior to injection into the oil. This is due to the fact

that in practice, the injection of nanoparticles into the

in situ oil is not accomplishable in the field scale, and the

mere pragmatic approach for its exposure to the in situ oil

in the reservoir is through mixing with the injecting gas

stream during the enhanced oil recovery process. Table 4

lists the description of the nanofluid used in EXP-3.

The identically same core sample was used both in EXP-

2 and EXP-3, after washing with toluene. Although toluene

is considered as a suitable solvent for asphaltene, the

porosity/permeability of the core little decreased after

toluene application in EXP-3, which can be described in

two ways. First, some of the asphaltene particles had pre-

cipitated in small pores (possibly blocking the pores during

EXP-2), the removal of which should require usage of a

large amount of toluene solvent. Second, a permeability

reduction of core might have occurred during EXP-2

alongside an alteration in rock wettability. Precipitation of

asphaltene, in this case, may alter the wettability of the

core to that of oil wet; therefore, even if toluene had suc-

ceeded in removing all the asphaltene particles from porous

Fig. 14 Oil recovery factor (RF) and gas oil ratio (GOR) against gas-

injected pore volumes during miscible CO2 injection in EXP-2

Fig. 13 Percentage of the ratio of porosity (Uf) to initial porosity (Ui)

against gas-injected pore volumes during miscible CO2 injection by

asphaltene deposition in EXP-2

Table 4 The description of the nanofluid used in EXP-3

Component Type Weight percentage (wt %)

Nanoparticle NiOa 1

Dispersant PDMS 2

Base fluid CO2 97

a Mean crystalline size 60 nm

Fig. 15 Asphaltene content of produced oil (wt %) and cumulative

mass of asphaltene precipitated in the core against gas-injected pore

volumes during nanosaturated CO2 injection in EXP-3

Fig. 16 Percentage of the ratio of porosity (Uf) to the initial porosity

(Ui) against gas-injected pore volumes during nanosaturated CO2

injection by asphaltene deposition
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media (precipitated during EXP-2), it failed in reverting the

wettability conditions to the original state.

The change in permeability of core, before and after gas

injection, was less in EXP-3 (*2 %) compared to EXP-2

(*20 %), which indicates less asphaltene precipitate for-

mation in this case. Figure 15 shows the weight percentage

of output asphaltene and its precipitated amount in the core

against the PV of injection gas. Similar to EXP-2, the as-

phaltene content of output oil remained constant until gas

break-through, and afterward it decreased. Such reduction

value, however, has been nominal in the EXP-3 case, as

opposed to EXP-2. The percentage ratio of porosity over

initial core porosity is shown in Fig. 16. It is evident that

the change in core porosity is somewhat negligible during

the EXP-3 process. Compared to EXP-2, the oil recovery

factor increased by 7 %. In fact, in EXP-2, the large

amount of asphaltene precipitates can clog some of the

available pore throats (entrapping oil in the core). Such a

problem was further resolved in EXP-3, alongside reduc-

tion in asphaltene precipitation, and the gas stream was left

with more accessible sites and was able to remove a larger

portion of the in situ oil. The results for the oil recovery

factor and GOR against injection gas PV is shown in

Fig. 17. The summarized results for the EXP-2 and EXP-3

tests are tabulated in Table 5.

Figures 18 and 19 show particle size distribution of

asphaltenes in injecting/produced oil samples in EXP-3,

established via DLS. The size distribution results exhibit

two peaks at 717 and 5,560 nm, in case of injecting the oil

sample, while having a single-peak distribution with peak

(most intensity) occurring at 2,190 nm and average as-

phaltene particle sizes about 1,930 nm, in case of produced

oil. Such reduction in particle size can be interpreted in

terms of NiO functionality in terms of decomposition of

asphaltene aggregates.

The EXP-3 results confirm the effectiveness of NiO

nanoparticles in inhibiting the formation of asphaltene

precipitate particles in porous media. Owing to their small

particle size, the nanoparticles can easily undergo motions

in porous space. Moreover, their large surface area, as well

as surface charge, would act as additional parameters of

nanoparticle to inhibit asphaltene deposition formation.

Alongside the change in oil composition during the gas

injection process, the asphaltene particles are destabilized;

nevertheless, such good parameters will cause the desta-

bilized asphaltene particles to either precipitate on the

nanoparticle surface or suspend indefinitely in oil, therefore

reducing the risk of asphaltene deposition in rock and the

concomitant formation damage.
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Fig. 17 Oil recovery factor (RF) and gas oil ratio (GOR) against gas-

injected pore volumes during nanosaturated CO2 injection

Table 5 Summary of results for EXP-2 and EXP-3

EXP-2 EXP-3

Swi variation (%) 0 0

Accumulated asphalatene in core (g) 0.1033 0.0128

Permeability reduction (%) 20 2

Porosity reduction (%) 1.2 0.24

Oil Recovery Factor (%) 71 78.57

Fig. 18 Particle size

distribution of asphaltenes

obtained by dynamic light

scattering for the injecting oil

sample in EXP-3
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Conclusions

A series of dynamic core flooding tests were devised to

assess the effectiveness of NiO nanoparticles to inhibit

asphaltene precipitation/deposition in porous media. For

our typical case of live oil sample and (reservoir) tem-

perature/pressure conditions, the preliminary test EXP-1

showed the ineffectiveness of some parameters such as

flow rate (over considered pressure reduction intervals) on

causing severe asphaltene deposition in core samples in the

natural depletion process. The ensuing EXP-2 case report

showed an increased level of formation damage/asphaltene

deposition, which can partly be accounted for by CO2

presence in the system and its induced adverse effects in

contributing toward asphaltene flocculation. Comparison of

EXP2 and EXP-3, conducted in an identical core sample,

indicates the application of NiO nanoparticles to produce

favorable results. Under miscible CO2 conditions, EXP-3

showed a considerable improvement in permeability re-

duction in the core sample (*2 %) compared to EXP-2

(*20 %). The porosity reduction also follows a similar

improving trend in the EXP-3 case (*0.24 %) compared

to its EXP-2 counterpart (*1.2 %). The accumulated as-

phaltenes in core were reduced from a value of 0.1033

(g) in EXP-2 to 0.0128 (g) in EXP-3, over essentially

identical experimental situations. Alongside reduction in

accumulated asphaltene precipitates in the porous media,

the oil recovery factor was obtained at a higher value in

EXP-3 (78.57 %) compared to EXP-2 (71 %), which can

be conceived by availability of more accessible sites to

injection gas for removal of in situ oil. A nominal reduction

in core porosity/permeability after toluene application in

EXP-3 can be described by possible blockage by accu-

mulated asphaltene particles in EXP-2, the removal of

which should require usage of a large amount of toluene

solvent, as well as the inability of toluene in reverting the

wettability conditions of rock surface from the induced oil-

wet condition to its original state. Given the favorable re-

sults established in EXP-3, and the excellent affinity/

oxidizing characteristics of NiO nanoparticles toward as-

phaltene, it holds great promise in being used as an ef-

fective asphaltene inhibitor/destabilizer in field-scale CO2

injection EOR processes.
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