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Abstract — Zeolite beta nanoparticles were used as a new asphaltene adsorbent for reducing
asphaltene deposition during fluid injection into a silica sand pack. At first, the asphaltene adsorption
efficiency and capacity of zeolite beta nanoparticles were determined by UV-Vis spectrophotometer. It
was found that the proper concentration of nanoparticles for asphaltene adsorption was 10 g/L and the
maximum asphaltene adsorption onto zeolite beta was 1.98mg/m2. Second, two dynamic experiments
including co-injection of crude oil and n-heptane (as an asphaltene precipitant) with and without use of
zeolite beta nanoparticles in the sand pack was carried out. The results showed that the use of zeolite
beta nanoparticles increased the permeability ratio and outlet fluid’s asphaltene content about 22% and
40% compared to without use of nanoparticles, respectively. Moreover, a model based on monolayer
asphaltene adsorption onto nanoparticles and asphaltene deposition mechanisms including surface
deposition, entrainment and pore throat plugging was developed to determine formation damage during
co-injection of crude oil and n-heptane into the sand pack. The proposed model presented good
prediction of permeability and porosity ratios with AAD% of 1.07 and 0.07, respectively.
INTRODUCTION

Crude oil is composed of light to heavy hydrocarbons that
based on the polarity and molecular structure is separated to
four groups: Saturates, Aromatics, Resins, and Asphaltenes.
The asphaltenes are the heaviest and polar cyclic
components of crude oil that are insoluble in low molecular
weight alkanes and soluble in light aromatics such as toluene
[1]. One common problem during oil recovery is asphaltene
instability due to changes of thermodynamic conditions.
During oil production, the asphaltene flocs are formed
slowly because of self-association and precipitated out of the
oil phase. As a result, the asphaltene is deposited on the rock
surfaces and effects on the rock properties such as
permeability, porosity and wettability. It causes formation
pen Access article distributed under the terms of the Creative Co
which permits unrestricted use, distribution, and reproduction in
damage during oil production and transportation [2]. One of
the effective methods for controlling asphaltene deposition
is to use chemical additives such as surfactants [3, 4],
polymeric inhibitor [5] and adsorbents [6]. Up to now,
several adsorbents were used for asphaltene adsorption from
oil solution such as mineral surfaces (kaolin, calcite and
dolomite) [6], clay and reservoir rocks [7, 8], metal surfaces
(stainless steel and gold) [9, 10] and several kinds of metal
and metal oxide nanoparticles (MgO, TiO2, NiO, CaO,
Fe3O4, Al2O3, etc) [11–18]. The reasons of interest on using
nanoparticles in recent years for asphaltene adsorption are
the special properties of nanoparticles such as their high
surface area to volume ratio, functionalizable surface and
their smaller size that cause easier transportation in porous
media and enhance the performance of fluid flow and oil
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TABLE 1

Specifications of the crude oil.

Composition mol.% Composition mol.%

C1 0.00 C6 13.81

C2 0.07 C7 10.50

C3 0.45 C8 8.06

i-C4 0.95 C9 11.76

n-C4 4.63 C10 7.81

i-C5 2.89 C11 7.86

n-C5 3.39 C12þ
b 27.82

rcrude oil = 0.8519 g/cm
3, MWcrude oil = 216 g/gmol, SGC12þ=

0.8958, MWC12þ= 508 g/gmol.

TABLE 2

Properties of the zeolite beta nanoparticles.

BET surface
area (m2/g)

External surface
area (m2/g)

Pore
size (nm)

Surface
chemistrya

680 136 0.56–0.75 Acidic
(acidity = 0.324
mmol Hþ/g)

a Obtain by titration method [23].
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recovery [14–16]. The amount of adsorbed asphaltene onto
nanoparticles strongly depends on the type, surface
chemistry of the nanoparticles and the kind of the interaction
force between asphaltene and nanoparticles [11, 12]. The
asphaltene surface charge, Van der Waals force and acid-
base interaction between surface of nanoparticles and polar
asphaltene particles are different kinds of forces for
asphaltene adsorption onto nanoparticles [11, 16, 19].

Most of the previous studies showed that the nano-
particles are good choices for adsorption and catalytic
oxidation of asphaltene in crude oil upgrading process
[11, 13, 19] while, limited researches have been carried out
on using nanoparticles in porous media for asphaltene
adsorption and consequently reduction of asphaltene
deposition through oil flooding [17, 18, 20].

The objective of this study was to investigate the
potential application of zeolite beta nanoparticles as a new
adsorbent for asphaltene adsorption from crude oil
solution which reduces the asphaltene deposition during
oil injection in a porous media. At first the capacity of
zeolite beta nanoparticles for equilibrium adsorption of
asphaltene was determined by UV-Vis spectrophotometer.
Then two dynamic experiments including co-injection of
n-heptane (as an asphaltene precipitant) and crude oil into
a silica sand pack were conducted in the absence and
presence of the zeolite beta nanoparticles. The changes of
permeability and porosity ratios in a porous media were
experimentally determined with the use of zeolite beta.
The process was also mathematically modeled by a
developed asphaltene deposition model. To our best
knowledge, this is the first report on the use of zeolite
beta nanoparticles in porous media for investigating of
asphaltene deposition during oil injection.
1 EXPERIMENTAL

1.1 Materials

A crude oil from an Iranian reservoir on the south west of
Iran (API = 33.74) was used in this study. Table 1 shows the
specifications of the crude oil, which has about 1wt%
asphaltene content. The asphaltene particles were extracted
from the crude oil according to IP-143 standard analysis
[21]. The acid and base numbers of asphaltene were found to
be 2.25 and 12.46 by potentiometric titration method,
respectively [22]. These values confirmed the basic nature of
asphaltene particles. The n-heptane (Merck, Germany,
>99%) as asphaltene precipitant and toluene (Merck,
Germany, >99.8%) as solvent were used.

The zeolite beta nanoparticles (Si/Al = 25) was supplied
from Zeolyst International Company in USA. The properties
of the zeolite beta are reported in Table 2. Moreover, the
liquid paraffin (by-product of refining crude oil of Iran,
density = 0.88 g/cm3) was applied as a base fluid for
dispersing nanoparticles.
1.2 Estimation of Proper Amount of Nanoparticles for
Asphaltene Adsorption

Several amounts of zeolite beta nanoparticles (1, 2.5, 5, 7.5,
10, 15 and 20 g/L) were added to the 1500mg/L asphaltene-
toluene solutions. The initial concentration of 1500mg/L is
the good choice for this experiment. Because it is lower than
critical clustering concentration of asphaltene in toluene
(≈2000mg/L) [24]. Therefore, with selection of this
concentration, the contribution of the asphaltene self-
association to the adsorbed mass of the asphaltene was
decreased [25]. Next, the prepared solutions were being
shaken at 200 rpm until the equilibrium was achieved. Based
on the performed preliminary experiments, 4 h shaking time
was found to be sufficient to reach equilibrium and the amount
of adsorbed asphaltene onto zeolite beta nanoparticles did not
change with increasing contact time. After that, the nano-
particles containing the adsorbed asphaltene were separated
by centrifuging at 5000 rpm for 30min [14]. The light
absorbance values of the residual solutions were measured by
UV-Vis spectrophotometer (Perkin-Elmer Instruments Lamb-
da 35) at the wavelength of 410 nm. The standard solutions
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with the specified concentrations of asphaltenes were used to
create a calibration curve of UV-Vis absorbance and pure
toluene was used as a blank [14, 20].

To determine the proper amount of nanoparticles for
asphaltene adsorption, the adsorption efficiency (E) was
calculated by following equation [26]:

E ¼ ðC0 � CeÞ
C0

� 100 ð1Þ

where C0 and Ce are the initial and equilibrium concen-
trations of asphaltene in solutions (mg/L), respectively.
1.3 Batch Adsorption Experiments

The proper amount of zeolite beta nanoparticles was added
to asphaltene-toluene solutions with concentration range
between 100 and 3000mg/L. The solutions were shaken at
200 rpm for 4 h. Then the nanoparticles containing adsorbed
asphaltene were separated by centrifuging at 5000 rpm for
30min. The amount of asphaltene in residual solutions was
measured by UV-Vis spectrophotometer at the wavelength
of 410 nm [14]. The adsorption of asphaltene onto nano-
particles was measured from the change in the concentration
of asphaltene in toluene before and after adding the
nanoparticles. The adsorbed amount of asphaltene onto
the nanoparticles was calculated by [20]:

qe ¼
C0 � Ce

m
V
An

� �
ð2Þ

where qe is the equilibrium adsorbed amount of asphaltene
(mg/m2), V is the volume of solution (L),m is the dry mass of
nano-particles (g), C0 is the initial concentration of
asphaltene in the solution (mg/L) and Ce is the equilibrium
concentration of asphaltene in the solution (mg/L), An is the
surface area of nanoparticles (m2/g).

The Langmuir isotherm model was used to correlate the
experimental equilibrium data of asphaltene adsorption onto
zeolite beta nanoparticles [11, 13, 14, 20, 25]. The Langmuir
model is presented as follows [27]:

qe ¼
qmaxkLCe

1þ kLCe
ð3Þ

where qe is the equilibrium adsorbed amount of asphaltene
(mg/m2), qmax is the maximum amount of adsorbed
asphaltene for the monolayer adsorption on adsorbent
surfaces (mg/m2), Ce is the equilibrium concentration of
asphaltene in the solution (mg/L), and kL is the Langmuir
equilibrium adsorption constant (L/mg).
1.4 Sand Pack Preparation

In this research a silica sand pack was prepared and used as
porous media for investigating the asphaltene deposition
process with and without the use of nanoparticles. At first,
the silica sands (Tavan Silice, Iran) were washed by
deionized water to remove any impurities and placed in an
oven at 333K for 12 h to dry them. The silica sand particles
had 297–595micron diameter that were obtained by passing
them through sieves with 30–50mesh sizes. A stainless steel
cylinder with 21 cm length and 3.5 cm inside diameter was
used and filled with approximately 500 g of prepared silica
sands by simultaneously packing and shaking. Figure 1
shows a schematic view of the experimental setup used in
this work.

The setup consists of several sections such as: The silica
sand pack; cylinders for transferring samples (water, n-
heptane and crude oil with or without nanofluid); positive
displacement pumps for allowing fluid displacement under
constant flow rate; differential pressure transducer that
measures the pressure differences between the inlet and
outlet of the sand pack; sampling vial to collect produced
fluids; check valves and data acquisition system.
1.5 Nanofluid Preparation

For nanofluid preparation, the proper amount of zeolite beta
nanoparticles was dispersed in liquid paraffin as a base fluid.
The base fluid should be a clear liquid for better observation
of nanoparticle stability. Nanoparticles dispersion procedure
was conducted using a probe ultrasonic (400Wand 24 kHz)
to break agglomerates of nanoparticles in the fluid and make
stable suspension [28, 29]. It was observed with naked eyes
that the nanofluid was uniformly dispersed for 24 h and the
complete sedimentation happened after three days. The size
of zeolite beta nanoparticles in the liquid solution was about
50 nm, as measured by dynamic light scattering analyzer
(DLS, Malvern Instruments, Ltd., Worcestershire, UK).
1.6 Dynamic Experiments

To analyze asphaltene deposition process during fluid
injection into the sand pack and to investigate the effect of
zeolite beta nanoparticles in this process, two dynamic
experiments, DE-1 and DE-2, were conducted. The first
dynamic experiment (DE-1) was co-injection of crude oil
and n-heptane as an asphaltene precipitant into the sand
pack. The second dynamic experiment (DE-2) was co-
injection of n-heptane and crude oil in the presence of zeolite
beta nanoparticles. The DE-1 experiment involved the
following steps:

–
 At first, the sand pack was vacuumed and saturated with
water to determine the pore volume of porous media. How
much water it has been adsorbed will be considered as
pore volume (PV).
–
 The initial porosity of the sand pack was calculated by
dividing the PV to the total volume ð∅ ¼ 38%Þ.



Figure 1

Schematic view of fluid injection setup.
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–
 The absolute permeability was measured by water
injection into the sand pack with constant flow rate.
The pressure transducer was used to record the pressure
differences (DP) between two ends of the sand pack. The
absolute permeability was estimated by following Darcy’s
law [30] which was equal to 775md.

k ¼ Q
DP

� �
Lm
A

� �
ð4Þ

where k is permeability (d), Q is fluid flow rate (cm3/s),
DP is pressure differences (bar), mis fluid viscosity (cp), L
is length of the sand pack (cm), A is cross-sectional area of
the sand pack (cm2).
–
 The crude oil with 1 wt% initial asphaltene content was
injected into the sand pack by positive displacement
pump at a constant flow rate for displacing the water.
The oil injection was continued until no more water
produced in outlet and the irreducible water saturation
was found by subtracting the outlet volume of water
from initial volume of saturated water in the sand pack
(swi ≈25%).
–
 The crude oil was injected into the sand pack at a constant
flow rate for measuring the initial oil permeability
(k0 = 469md).
–
 The co-injection of crude oil and n-heptane was started
inside the sand pack at same injection rates (50 cm3/h).
The DP was measured by pressure transducer and shown
by the data acquisition system at a specified time intervals.
The fluid injection continued until the pressure difference
was stabled.
–
 By using recorded DP and measured mixture viscosity, the
permeability ratios were continuously calculated by
Darcy’s law (Eq. 4).
–
 Produced fluids from outlet end of the sand pack during
several PVof fluid injection were collected in samplers to
measure asphaltene content.
–
 Finally, the toluene was being injected continuously to
remove any precipitated asphaltene formed due to n-
heptane injection into the sand pack and to prepare the
setup for second experiment.

The second dynamic experiment (DE-2) was carried out
to study the effect of nanoparticles on the formation damage
as following steps:

–
 The porosity and absolute permeability were calculated by
water injection as above procedure (∅ ¼ 38%;k = 1194
md).
–
 The crude oil/nanofluid solution was injected into the sand
pack for finding the irreducible water saturation (swi =
32%).
–
 The initial oil permeability was calculated by crude oil/
nanofluid solution injection at constant flow rate and using
Darcy’s law (k0= 294md).
–
 At the end, co-injection of n-heptane and crude oil/
nanofluid solution into the sand pack was started at same
injection rates (50 cm3/h) to record pressure differences.



TABLE 3

Measured viscosities of the fluids in DE-1 and DE-2 experiments.

Fluid Viscosity (cp)

Crude oil 8.28

Crude oil/nano fluid solution 11.79

Miscible fluid in DE-1 (50 vol% crude oil and
50 vol% n-heptane)

5.12

Miscible fluid in DE-2 (50 vol% crude oil/nano
fluid and 50 vol% n-heptane)

5.81
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The permeability ratios after miscibility were continu-
ously calculated with using recorded DP, flow rate of
miscible fluid (100 cm3/h) and mixture viscosity by
Darcy’s law.
–
 It should be noted that before the miscibility condition in
both dynamic experiments, the fluid composition was
unknown and a reliable value for the fluid viscosity could
not be estimated [31, 32]. The viscosities of different
solutions including crude oil solution in DE-1, crude oil/
nanofluid solution in DE-2 and mixture of n-heptane and
oil solution after miscibility in both dynamic experiments
were measured by Stabinger Anton paar SVM 3000
viscometer at ambient condition. The measured viscosities
are reported in Table 3. It can be observed that the
viscosity of crude oil/nanofluid solution in DE-2 experi-
ment is higher than the viscosity of crude oil without
nanoparticles in DE-1 experiment.

2 MODELING OF ASPHALTENE DEPOSITION IN THE
SAND PACK

In this study, the Wang and Civan model [33] was modified
with adding Langmuir adsorption term to model the
asphaltene deposition in the case of using nanoparticles
during miscible fluid injection into the sand pack. This new
term represented the monolayer asphaltene adsorption onto
nanoparticles. The proposed model included surface deposi-
tion, entrainment and pore throat plugging mechanisms to
describe the asphaltene deposition. Several assumptions
including one-dimensional flow, no gravity force and single
liquid phase were considered for mathematical modeling.

The momentum balance (Eq. 4) and mass balance
equations in liquid phase for miscible fluid and asphaltene
(Eqs. 5 and 6) considered as follows [33]:

∂
∂t
ð∅rlwf lÞ þ ∂

∂x
ðrlulwf lÞ ¼ 0 ð5Þ

∂
∂t
ð∅rlwSAl þ ∅rlwAlÞ þ ∂

∂x
ðrlulwSAl þ rlulwAlÞ

¼ �rA
∂EAn

∂t
ð6Þ
EAn ¼ EA � NA ð7Þ

NA ¼ 10�9⋅Cn⋅qLP
rA

ð8Þ

qLP ¼ qmax⋅An⋅kL⋅CEP

1þ kL⋅CEP
ð9Þ

CEP ¼ 106⋅rl⋅CA ð10Þ

where EA is the volume fraction of the deposited asphaltene
in the bulk volume of the sand pack, EAn is the volume
fraction of the deposited asphaltene in the bulk volume after
adsorption of asphaltene with nanoparticles, NA is the
volume fraction of the adsorbed asphaltene with nano-
particles in the bulk volume of the porous media, Cn is the
concentration of nanoparticles in crude oil, An is the surface
area of nanoparticles, qLp is the adsorption amounts of
asphaltene with zeolite beta nanoparticles in porous media
that was calculated by Langmuir model, CEP is the mass
fraction of the asphaltene content in the bulk volume of the
sand pack, CA is the mass fraction of the asphaltene content
in the liquid phase, qmax and kL are the Langmuir adsorption
parameters that were obtained from batch adsorption
experiments, wfl is the mass fraction of the miscible fluid
in the liquid phase, rl and rA are the liquid and asphaltene
densities, respectively, ∅ is the porosity, ul is the liquid
velocity, wAl and wSAl are the mass fractions of the dissolved
and suspended asphaltene in the liquid phase, respectively.

The amount of dissolved asphaltene in the liquid phase
was calculated by multiphase flash calculations and the
Peng-Robinson equation of state was used for this purpose
[34]. Subsequently, the asphaltene deposition model was
used as follows [33]:

∂EA

∂t
¼ a∅wSAl

rl
rA

� bEAðn� ncrÞ þ gulwSAl
rl
rA

ð11Þ

where a, b and g are the surface deposition rate, entrainment
rate and pore throat plugging rate coefficients, respectively,
vð¼ ul=wÞ and ncr are the interstitial and critical interstitial
velocity of liquid phase, respectively. The value of b is
described as follows:

b ¼ bi : y > ycr ð12Þ

b ¼ 0 : y < ycr

The value of g is set as follows:

g ¼ g ið1þ sEAÞ : Dpt � Dptcr ð13Þ



Figure 2

Adsorption efficiency results versus concentration of zeolite
beta nanoparticles in solution.
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g ¼ 0 : Dpt > Dptcr

where s is the snowball-effect deposition constant, Dpt and
Dptcr are the pore throat diameter and critical pore throat
diameter, respectively.

The porosity and permeability changes during asphaltene
deposition process were calculated as follows:

∅ ¼ ∅0 � EAn ð14Þ

k ¼ k0
∅
∅0

� �
ð15Þ

where k is the permeability, ∅ is the porosity, n is an
adjustable constant and subscript 0 is refer to initial value.

Above equations were coupled and discretized by implicit
finite difference method and solved by using an iteration
calculation program. Numerical solution was carried out in a
cartesian system with 100 grid blocks and 85 time steps with
a Dt of 100 s. The genetic algorithm technique was used for
optimization and determination of the model parameters (a,
b, gi, ncr, Dptcr, s, n). The square root of the summation of
the differences between experimental and calculated
permeability ratio and porosity ratio data was defined as
an objective function:

Fobj ¼ w1

XNe

i¼1

k
k0

� �
exp:i

� k
k0

� �
Model;i

 !2

þ ð1

� w1Þ
XNe

i¼1

’

’0

� �
exp:i

� ’

’0

� �
Model;i

 !2

ð16Þ

where Ne is the number of experimental data, and w1 is the
weight of the permeability sentence in the objective
function.

The initial and boundary conditions for numerical
solution were considered as follows:

EA ¼ 0; ∅ ¼ ∅0; k ¼ k0 : 0 < x < L; t ¼ 0 ð17Þ

y ¼ Q
A
: x ¼ 0; t > 0 ð18Þ

p ¼ pambient : x ¼L; t > 0 ð19Þ
where Q is fluid flow rate (cm3/s), and A is cross-sectional
area of the sand pack (cm2).
3 RESULTS AND DISCUSSION

3.1 Equilibrium Adsorption Experiment Results

For estimating the proper amount of nanoparticles for
asphaltene adsorption from asphaltene-toluene solution,
different concentrations of zeolite beta nanoparticles in
solution were prepared and used. Figure 2 shows the
adsorption efficiency versus the concentrations of zeolite
beta nanoparticles. All adsorption experiments were
replicated three times with the maximum uncertainty of
±5%.

It can be observed that with increasing the nanoparticle
concentrations until 10 g/L, the adsorption efficiency was
increased. This may be due to the fact that the higher
amounts of zeolite beta nanoparticles provided more active
surface for adsorption [35]. However, at the concentrations
higher than 10 g/L nanoparticles in solution, the adsorption
efficiency did not change too much. There are several works
in the literature [11, 14, 19, 26, 36] concerning the asphaltene
adsorption by using nanoparticles with the concentration of
10 (g/L). Therefore, the proper amount of zeolite beta
nanoparticles was selected 10 g/L.

Figure 3 shows the adsorption amounts of asphaltene with
the use of 10 g/L zeolite beta nanoparticles versus the
equilibrium concentrations of asphaltene in the solutions.
This figure demonstrates that the adsorption of asphaltene
increased widely at lower asphaltene concentrations and
reached to constant value by increasing the asphaltene
concentrations. This characteristic confirmed the monolayer
adsorption of asphaltene onto nanoparticles [25]. Therefore
the Langmuir adsorption equation was used to model the
equilibrium asphaltene adsorption data. As can be seen in
Figure 3, the asphaltene adsorption data were described very
well by Langmuir model (R2> 0.99).

The Langmuir parameters (kL, qmax) were determined by
linearizing. The kL value was found to be 0.0089 L/mg and
the maximum equilibrium adsorbed asphaltene onto zeolite
beta nanoparticles (qmax) was found to be 1.98mg/m2. In
comparison of the ability of zeolite beta nanoparticles in this
study to another nanoparticles, the maximum amounts of
adsorbed asphaltene for the Langmuir adsorption on some
nanoparticles (mg/m2) are reported in Table 4. It can be



Figure 3

Adsorption amounts of asphaltene onto zeolite beta nanopar-
ticles (the symbol is experimental data, and the solid line is the
best fit of the Langmuir model).

TABLE 4

Maximum amounts of adsorbed asphaltene by several nanoparticles.

Nanoparticles qmax

(mg/m2)
Ref.

Zeolite beta (Zeolyst international
company)

1.98 This study

TiO2 (Nanostructured & Amorphous
Materials)

0.54 [11]

Fe3O4 (Nanostructured & Amorphous
Materials)

1.7 [11]

Co3O4 (Nanostructured & Amorphous
Materials)

1.76 [11]

g-Fe2O3 (synthesized) 1.36 [26]

a-Fe2O3 (synthesized) 0.66 [26]

Zro2 (synthesized) 1.23 [25]

CaCO3 (synthesized) 2.17 [25]

Silica gel (Sigma-Aldrich) 0.312 [20]

Al2O3 (Petroraza) 1.42 [20]

Figure 4

DP results between two ends of the sand pack.
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observed that the zeolite beta nanoparticles had a relatively
good adsorption capacity for asphaltene adsorption from
solutions. This result may be due to high surface area and
acidic surface of zeolite beta nanoparticles [25].
3.2 Dynamic Experiment Results
3.2.1 Measurement of Pressure Differences

The aim of two dynamic experiments (DE-2 and DE-1) was
to investigate the asphaltene deposition in a sand pack
during the co-injection of n-heptane and crude oil solution
with and without the use of zeolite beta nanoparticles,
respectively. Figure 4 shows the recorded DP between two
ends of the sand pack during fluid injection. It could be
observed in both experiments, the DP decreased until near
1PVof fluid injection. Co-injection of n-heptane and oil into
the sand pack, which was previously saturated with the oil,
caused a decrease of the fluid viscosity. Therefore, the DP
values decreased until the miscibility occurred and a single
phase was formed. An increase in DP values after 1PV of
fluid injection in the DE-1 indicated the formation damage.
The n-heptane injection causes changing the equilibrium
conditions and deposition of asphaltene in the sand pack.
The increasing ofDP values in DE-1 continued until 3PVof
fluid injection. However, in DE-2, the DP was relatively
constant until 2PV of fluid injection. After that slow
increasing was seen in the DP values until 3.5PV of fluid
injection. Therefore, it can be resulted that the zeolite beta
nanoparticles can delay the asphaltene deposition about 1PV
of fluid injection. It can be seen,DP values in DE-1 and DE-
2 experiments were stabled at about 3 and 3.5PV of fluid
injection, respectively. Actually, the zeolite beta nano-
particles reduced the slope of increasing trend of DP due to
asphaltene deposition in the sand pack.

It must be noted that the higher values of the DP in DE-2
with respect to DE-1 (Fig. 4) can be justified due to higher
viscosity value of the crude oil/nanofluid solution and it is
not related to more formation damage in the presence of
zeolite.

3.2.2 Calculation of Permeability Ratio

During the dynamic experiments, permeability was calcu-
lated from the measured DP and mixture viscosity by
Darcy’s law. It can be seen in Figure 5 that the permeability
ratio values decreased by increasing the PVof fluid injection.
This confirms the asphaltene deposition occurring in n-
heptane injection experiment. Before miscibility condition



Figure 5

Permeability ratio results during fluid injection experiment.

Figure 6

Outlet fluid’s asphaltene content (wt%).
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(<1PV of fluid injection in this research), the permeability
data could not be estimated because the viscosity of fluid
was unknown.

Comparing the permeability curve in this research and
literature [37] showed that in DE-1, the pore plugging was
occurred immediately after miscibility (>1PV of fluid
injection). But in DE-2, most of the asphaltene adsorbed
onto nanoparticles surfaces and the remaining asphaltene
deposited onto the surface of the silica sands. By increasing
the PV of fluid injection in the DE-2 (>2PV of fluid
injection), the asphaltene deposition was increased and the
plugging of pores was gradually occurred in the sand pack
according to limited capacity of nanoparticles for asphaltene
adsorption. After 3PV of fluid injection in DE-1 and after
3.5PV of fluid injection in DE-2, the permeability ratios
were not reduced. It is maybe due to that the deposited
asphaltene decreased the cross-section of the flow in the
sand pack. So the fluid velocity became higher than critical
velocity. Therefore, the entrainment of deposited asphaltene
in the sand pack occurred and consequently the permeability
ratio was not decreased. As observed in Figure 5, the zeolite
beta nanoparticles can increase the permeability ratio about
22% during n-heptane injection into the sand pack.

3.2.3 Determination of Outlet Fluid’s Asphaltene Content
and Porosity Ratio

The asphaltenes were extracted from the outlet fluid samples
after specified PV of fluid injection based on the IP-143
standard analysis [21]. The asphaltene content (wt%) of the
outlet fluid was calculated by dividing the weight of the
extracted asphaltenes to the weight of the crude oil in the
outlet sample. The asphaltene content of the outlet fluid after
miscibility condition is shown in Figure 6.

It can be observed that the amounts of outlet asphaltene
decreased during initial PV of fluid injection both in DE-1
and DE-2. But decreasing rate of outlet asphaltene in DE-1
was higher than in DE-2. The asphaltene content of outlet
fluid without nanoparticles (DE-1) decreased from 1wt% for
initial concentration of asphaltene to about 0.54wt%. But in
the case of using nanoparticles (DE-2), the outlet asphaltene
content decreased from 1wt% to about 0.76wt% resulting in
an increase of the outlet asphaltene. In addition, it can be
seen after 3PVof fluid injection in DE-1 and after 3.5PVof
fluid injection in DE-2, the outlet asphaltene content was
slightly increased because of occurring entrainment of
deposited asphaltene. As observed in Figure 6, the zeolite
beta nanoparticles increased the outlet fluid’s asphaltene
content about 40% comparing to DE-1 results. Because a
part of asphaltene content adsorbed onto nanoparticles
surfaces during fluid injection in the DE-2 experiment and it
exited from the sand pack by flow. Therefore, the amount of
deposited asphaltene (≈difference between asphaltene
content in the outlet and inlet fluids) in the sand pack
was decreased with the use of zeolite beta nanoparticles in
the fluid injection experiment (Fig. 7).

In addition, the porosity ratio at specified pore volume of
the fluid injection was calculated by dividing the differences
between initial pore volume and deposited asphaltene
volume to the bulk volume. It must be noticed that the
volume of deposited asphaltene was calculated by dividing
the mass differences of inlet and outlet asphaltene to the
asphaltene density. The asphaltene density was equal to
1.0106 g/cm3. The porosity ratio results are shown in
Figure 7. It can be observed the porosity ratio reduced to
about 0.985 and 0.991 in DE-1 and DE-2, respectively. The
less porosity reduction comparing to permeability reduction
during fluid injection is indicated to asphaltene deposition in
the local positions instead along the sand pack [38].
3.3 Dynamic Modeling Results

Amodel based on the adding adsorption term to theWang and
Civan deposition model [33] was presented for calculating of
permeability and porosity ratios in the case of using



Figure 7

Porosity ratio and asphaltene deposition results during fluid
injection experiments.

Figure 8

Comparison of the porosity ratios experimental data and
predictions of the proposed model andWang and Civan model.

Figure 9

Comparison of the permeability ratios experimental data and
predictions of the proposed model andWang and Civan model.

TABLE 5

Adjusted parameters of asphaltene deposition models in DE-2 experiment.

Parameters Proposed model Wang and Civan model [33]

a ð1=sÞ 0.0004 0.0005

b ð1=cmÞ 0.0171 0.0207

g i ð1=cmÞ 0.0153 0.0019

ncr ðcm=sÞ 0.0001 0.0049

Dptcr ðcmÞ 0.0010 0.0045

s 0.0366 0.0972

n 15 6
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nanoparticles inporousmedia (DE-2).Thecalculatedporosity
and permeability ratios by using proposed model and Wang
and Civan model are shown in Figures 8 and 9, respectively.

The modeling results in Figures 8 and 9 confirmed that the
nanoparticlescan improve theporosity andpermeability ratios
duringfluid injection test. It can be observed that the results of
permeability and porosity ratios by the proposed model were
in good agreement with experimental data. The average
absolute deviation (AAD%) of the calculated permeability
and porosity ratios from the experimental results with using
both models were determined and the adjusted parameters of
themodels that obtained fromgenetic algorithm technique are
reported in Table 5. It was found that the proposed model is
capable of predicting the permeability ratios in DE-2 with
AAD% of 1.07. Whereas permeability ratio prediction based
on theWang and Civanmodel is less accurate with AAD% of
2.25%. In addition, the proposed model can predict the
porosity ratios in DE-2 with high accuracy (AAD%=0.07).
But theWang and Civan model predicted porosity ratios with
AAD% of 0.94. So, it can be concluded that the proposed
model in study, can use as a suitable model for modeling the
asphaltene deposition during fluid injection with the use of
nanoparticles in the porous media.
CONCLUSION

At first, a series of experiments including equilibrium
asphaltene adsorption onto zeolite beta nanoparticles was
conducted by UV-Vis spectrophotometer to determine the
adsorption capacity of nanoparticles. The adsorption
experimental results showed that the zeolite beta can
efficiently adsorb asphaltene from solution. It was found
that, an adsorption isotherm good matched by the Langmuir
model, suggesting a monolayer asphaltene adsorption onto
zeolite. Special properties of zeolite beta nanoparticles such
as high surface area to volume ratio and high functionalizable
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surface cause good adsorption capacity for the zeolite beta.
The results of adsorption efficiency showed that the proper
concentration of nanoparticles for asphaltene adsorption was
equal to 10 g/L zeolite beta in the oil. However, in order to
determine the economically optimum amount of nanoparticles
in the industry, the economic aspect should be evaluated. In
addition, two dynamic experiments including co-injection of
crude oil and n-heptane into a silica sand packwere conducted
with and without the use of zeolite beta nanoparticles. The
purpose of dynamic experiments was to investigate the effect
of the zeolite beta nanoparticles on reduction of formation
damage during oil injection in porous media. The dynamic
experiments showed that zeolite beta could delay the
increasing of the DP and reduce the asphaltene deposition.
It must be noted that the use of nanoparticles increased the
fluid’s viscosity and as a result, it increased the total values of
theDP compared to the experiment without the use of zeolite
beta. Moreover, the results showed that the zeolite beta
nanoparticles increased the permeability and porosity ratios
and reduced asphaltene deposition during co-injection of
crude oil and n-heptane into the silica sand pack. The
interactions between the asphaltene particles with their basic
nature and acidic surfaces of zeolite beta nanoparticles caused
well adsorption of asphaltene and therefore improvement of
the formation damage. It can be seen from the modeling
results that the proposed model based on the monolayer
adsorption of asphaltene onto nanoparticles and three
mechanisms of asphaltene deposition (surface deposition,
entrainment and pore throat plugging) is more accurate in the
prediction of permeability and porosity ratios (AAD% of 1.07
and 0.07) than the Wang and Civan model (AAD% of 2.25
and 0.94). This study confirms that the zeolite beta
nanoparticles could be used for reducing asphaltene deposi-
tion in porous media and finally enhancing oil recovery.
NOMENCLATURE
AAD
 average absolute deviation

A
 cross-sectional area of the sand pack

An
 surface area of nanoparticles

CA
 mass fraction of the asphaltene content in the liquid

phase

C0
 initial concentration of asphaltene in solutions

Ce
 equilibrium concentration of asphaltene in solutions

Cn
 concentration of nanoparticles in crude oil

CEP
 mass fraction of the asphaltene content in the bulk

volume of the sand pack

DE-1
 dynamic experiment 1

DE-2
 dynamic experiment 2

Dpt
 pore throat diameter

Dptcr
 critical pore throat diameter

E
 adsorption efficiency
EA
 volume fraction of the deposited asphaltene in the
bulk volume of the sand pack
EAn
 volume fraction of the deposited asphaltene in the
bulk volume after adsorption of asphaltene on
nanoparticles
Fobj
 objective function

k
 permeability

k0
 initial permeability

kL
 Langmuir equilibrium adsorption constant (L/mg)

L
 length of the sand pack

MW
 molecular weight

m
 dry mass of nano-particles

n
 adjustable parameter

Ne
 number of experimental data

NA
 volume fraction of the adsorbed asphaltene with

nanoparticles in the bulk volume of the porous media

P
 pressure

DP
 pressure differences

PV
 pore volume

Q
 fluid flow rate

qe
 equilibrium adsorbed amount of asphaltene

qmax
 maximum amount of adsorbed asphaltene for the

Langmuir adsorption on adsorbent surfaces

qLP
 Langmuir adsorption amounts of asphaltene with

nanoparticles in porous media

R2
 correlation coefficient

SG
 specific gravity

swi
 irreducible water saturation

t
 time

ul
 liquid velocity

V
 volume of solution

w1
 weight of the permeability sentence in objective

function

wAl
 mass fractions of the dissolved asphaltene in the

liquid phase

wSAl
 mass fractions of the suspended asphaltene in the

liquid phase

wfl
 mass fraction of the miscible fluid in the liquid phase

wt%
 weight fraction percent
GREEK SYMBOLS
a
 surface deposition rate coefficient

b
 entrainment rate coefficient

g
 pore throat plugging rate coefficient

d
 snowball-effect deposition constant

m
 fluid viscosity

r
 density

rl
 liquid density

rA
 asphaltene density

’
 porosity

’0
 initial porosity

n
 interstitial velocity of liquid phase

ncr
 critical interstitial velocity of liquid phase
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