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ene precipitation on CO2-flooding
performance in low-permeability sandstones:
a nuclear magnetic resonance study

Chen Wang,a Tiantai Li,*a Hui Gao,a Jinsheng Zhaoa and Huazhou Andy Li *b

With nuclear magnetic resonance (NMR), a novel experimental study is conducted to reveal the pore-scale

formation damagemechanism of tight sandstones caused by asphaltene precipitation during CO2 flooding.

For each core-flooding experiment, the T2 responses of the hydrogen nucleus in the core samples are

measured before and after CO2 flooding, and then compared to quantitatively determine the asphaltene

precipitate distribution in pore throats with different sizes. It is found that in the immiscible flooding

stage, the degree of asphaltene precipitation increases with an increase in the CO2 injection pressure.

After entering the miscible flooding stage, asphaltene can be still precipitated, but with a much lower

magnitude. The core permeability tends to be reduced after CO2 flooding, and the permeability

reduction is positively correlated with the amount of asphaltene precipitated. The results of the NMR

experiments show that during the immiscible flooding stage, oil is recovered primarily from the relatively

larger pores. A small amount of asphaltene precipitation occurs in the larger pores (1–1000 ms), filling

up a small portion of these pore spaces, while little asphaltene shows up in the smaller pores (0.01–1

ms). As the pressure increases beyond the minimum miscibility pressure (MMP), more oil contained in

smaller pores is able to be recovered. The smaller pores tend to be more affected by the precipitated

asphaltene in comparison to the larger pores. With the asphaltene-filling phenomenon taking place

more in the smaller pores, the tight-core permeability can be substantially compromised after CO2

flooding.
1. Introduction

Tight sandstone reservoirs, a type of unconventional reservoir,
are playing an important role in fullling the increasing energy
supply over the world. Due to the unique characteristics of the
tight sandstone reservoirs, including low porosity, low perme-
ability, complex pore-throat congurations, and high hetero-
geneity, oil recovery from such reservoirs is rather low.1–3

CO2 ooding has been widely applied to enhanced oil
recovery, not only from conventional reservoirs but also from
unconventional ones. Under reservoir conditions, supercritical
CO2 would interact with crude oil in the pore space, leading to
signicantly favorable effects such as reduced interfacial
tension, reduced crude oil viscosity, and enhanced swelling of
oil.4–6 At pressures higher than the minimum miscibility pres-
sure (MMP), a 100% oil recovery can be theoretically achieved
with CO2 ooding.7 Hence, it is reasonable to infer that CO2 can
be a suitable agent for oil recovery in tight sandstone reservoirs.
hiyou University, Xi'an, China 710065.

ng, Faculty of Engineering, University of

ail: huazhou@ualberta.ca; Fax: +1-780-

hemistry 2017
However, the performance of CO2 ooding in tight oil reservoirs
could be overshadowed by not only the fact that the injectivity of
CO2 is low in the tight sandstones, but also by the fact that the
asphaltene precipitation due to CO2–oil interaction can cause
formation damage issues. Behbahani et al. experimentally
demonstrated that during the CO2 ooding, the injection
pressure has a signicant impact on the amount of asphaltene
precipitated; as pressure increases, more asphaltene tends to be
precipitated.8 Such precipitated asphaltene will reduce the
permeability of the core, which tends to compromise the oil
recovery contributed by the enhanced CO2 dissolution in oil.9

To understand the effect of asphaltene precipitation on oil
recovery, extensive studies have been conducted to investigate
asphaltene precipitation in high-permeability porous media
due to CO2 ooding. It has been found that when the asphaltene
precipitation appears in the micro-pores in sandstone reser-
voirs, the larger agglomerates will block up the pore throat
directly, while the smaller ones will cause a blockage of the pore
throat through a bridging effect at the throat.10 Both of these
effects can lead to a signicant decrease in permeability, and
thus decrease the overall oil recovery during CO2 ooding.11–13

Papadimitriou et al. reported that the precipitated asphaltene
will clog the reservoir pores and lead to a 40–90% decrease in
permeability.14 Much less research has been conducted to
RSC Adv., 2017, 7, 38367–38376 | 38367
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understand the effect of asphaltene precipitation on CO2

ooding performance in low-permeability sandstones
compared the extensive researches that have been dedicated to
the high-permeability sandstones. Wang et al. demonstrated
that, during immiscible CO2 ooding, an increase in the
injection pressure results in an increase in the oil recovery
factor, which is nevertheless accompanied by an decreased
permeability due to the increased amount of asphaltene
precipitated at higher pressures; the amount of asphaltene
precipitated keeps increasing even aer the injection pressure
is higher than the MMP, albeit with a lessened degree.15 Cao
and Gu showed in their experiments that the oil recovery
increases monotonically as the injection pressure increases in
the immiscible ooding because of the increased CO2 dissolu-
tion in the crude oil. When the injection pressure exceeds the
MMP, the oil recovery increases slightly and reaches the
maximum aerwards at a higher pressure. In addition, it is
observed that the amount of asphaltene precipitation increases
continuously in the immiscible and miscible region, and
similar observations can be made with regard to the variation
trend of the core permeability.16 What is lacking in the previous
research is that no investigation has been made to quantify how
the asphaltene blocks the pores with different sizes.

It is worthwhile mentioning that, in addition to the asphal-
tene precipitation issue, another process, i.e., the CO2/rock
reactions may also reduce the sandstone permeability. Yu et al.
conducted an experimental study of CO2/brine/sandstone
interaction under in situ pressure/temperature reservoir condi-
tions. It was found that carbonate materials in the natural core,
such as calcite and ankerite, were dissolved during the CO2/rock
reactions; as a result, solid precipitates and clays (e.g., kaolinite)
were generated. The solid precipitates and clay particles will
migrate into the pore space and possibly accumulated at pore
throats, leading to a signicant decrease in permeability.17

Mohamed et al. experimentally demonstrated that, the CO2/
rock reactions bring about 35% to 55% loss in core permeability
during the CO2 injection in the sandstone reservoirs.18 Other
studies have reported similar ndings. But it is noted that all
these studies have used natural cores that are retrieved from
hydrocarbon reservoirs. Since the natural cores contain feld-
spars, calcite and ankerite, the asphaltene precipitation and
CO2/rock reactions will both take place during CO2 ooding of
the natural cores. Therefore, the use of natural cores to inves-
tigate the effect of asphaltene precipitation makes it hard to
delineate the individual contributions of asphaltene precipita-
tion and CO2/rock reactions towards the permeability reduc-
tion. In this research, we are able to elucidate the sole impact of
asphaltene precipitation on permeability reduction. We have
excluded the effect of CO2/rock reactions by using articial core
samples which do not contain carbonate cementing materials.
In addition, there is no quantitative investigation in previous
research with regard to: (1) how the asphaltene precipitation
alters the pore structures with different sizes; (2) how pore-
structure variation results in decreased permeability; and (3)
how such pore-structure variation inuences the recovery of oil
residing in different pores by CO2 injected. Therefore, it is of
great importance to understand the sole inuence of asphaltene
38368 | RSC Adv., 2017, 7, 38367–38376
precipitation on the alteration of pore size distribution and
thereby the permeability reduction of core samples during CO2

ooding.
In this study, tight articial cores are used in the experiment

to make sure that the change of permeability is only caused by
asphaltene precipitation. The cores used consist only of quartz,
which ensures that no CO2/rock reactions will occur during
a CO2 ood. Eight CO2 core-ooding tests are conducted at the
immiscible, near-miscible and miscible conditions. During
these tests we measure the oil recovery factors, the amount of
asphaltene precipitated, and the decrease in permeability. To
elaborate on the detailed mechanisms of the reduction in
permeability due to asphaltene precipitation, the nuclear
magnetic resonance (NMR) is employed to quantitatively eval-
uate the distribution of asphaltene precipitation in the pore-
throat congurations. 1H NMR relaxometry has found exten-
sive applications in exploring surface interactions in catalysts19

as well as characterizing the properties of porous materials such
as metal–organic frameworks,20 silica gels, zeolites, cement,
cellulose bers and rock samples.21 To our knowledge, this
study is the rst attempt to quantitatively evaluate the effect of
CO2 ooding on asphaltene precipitation on the microscopic
pore-structure alterations with the aid of NMR technique.

2. Experimental section
2.1 Materials

The cores used in this experiment are the low-permeability
articial cores (cementation of quartz) manufactured from
Northeast PetroleumUniversity in China. The articial cores are
prepared with cement and quartz. The following cement/quartz
ratios are used: cement weight percentage between 5–15 wt%
and quartz weight percentage between 85–95 wt%. Epoxy resin
and three additives (dibutyl phthalate, ethylenediamine and
acetone) are added into the cement according to following
recipe: 0.5 to 1.5 wt% of epoxy resin, 0.1 to 0.5 wt% of dibutyl
phthalate, 0.01 to 0.1 wt% of ethylenediamine, and 0.1 to
1.0 wt% of acetone. The process for the core preparation is
described as follows: (1) rst, stir the quartz sand and cements
evenly, and then place the mixture into a mold; (2) place the
mold on a press and apply a pressure of 8.3 MPa to press the
mold for 15 min; (3) next, place the compressed core in an oven
and heat it at 85 �C for 8 h; (4) aer heating, move the core out of
the oven and let it cool down under room conditions; (5) aer
being le alone for 48 hours, the core can be used to conduct
the ooding experiments. The properties of the cores are listed
in Table 2.

The crude oil is collected from Jiyuan oileld in Ordos basin,
China. The density and viscosity of the crude oil sample are
measured to be 760 kg m�3 and 1.6 mPa s at reservoir condi-
tions of 80 �C and 15 MPa. The asphaltene content of the crude
oil is measured to be 1.15 wt% (n-pentane insoluble). Before
performing the experiments, wax and SARA (saturates,
aromatics, resins and asphaltenes) contents in the oil sample
are also measured. The wax content is measured by the thin-
layer chromatography/ame ionization detection (TLC-FID)
method, while the SARA analysis is conducted using the thin-
This journal is © The Royal Society of Chemistry 2017
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Table 1 Asphaltenes, resins and waxes contents of the crude oil
sample

Component Asphaltenes Resins Waxes

Weight percentage 1.15 wt% 0.14 wt% 0.11 wt%
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layer chromatography (TLC).22,23 Wax, asphaltenes and resins
are the typical materials found in crude oil that can be precip-
itated at specic conditions. Table 1 shows the measured
contents of wax, asphaltenes and resins. The effect of wax/resins
precipitation can be neglected due to their relatively low
concentrations in the oil sample. Furthermore, the experi-
mental temperature in this study is maintained at 80 �C which
is much higher than the wax appearance temperature. There-
fore, the chance of wax precipitation occurring in the core
sample is extremely low.

The manually prepared water has a salinity of 30 000 mg L�1,
a salt type of CaCl2, and viscosity of 0.4 mPa s at 80 �C and
15 MPa. It is used in the experiments to simulate the formation
water. CO2 with a purity of 99.9% is supplied by Xi'an Specic
Standard Coal Gas Supply Station (China).

2.2 Experimental setup

The experimental setup used for conducting the core ood
experiments is provided in Fig. 1. A syringe pump (ISCO-260D,
Teledyne Isco, Lincoln, NE, America) is used to inject the crude
oil, formation water or CO2 from the high pressure cylinders
(Huaxing Co., Nantong, China) to the core holder (Huaxing Co.,
Nantong, China) which is a special core holder used for NMR
setup. The ISCO-260D syringe pump has a pressure range of
0–51.7 MPa and a rate range of 0.001–80 mL min�1. The core
holder can be operated at a pressure of 50 MPa and a tempera-
ture of 150 �C. The back pressure is controlled by a back-
pressure regulator (BPR-50, Temco, USA) and the gas produc-
tion volume is measured by a gas ow meter (Puttom Co., Bei-
jing, China). An electric heater (Huaxing Co., Nantong, China) is
used to heat the oven and maintain the temperature at 80 �C.

The NMR apparatus (Mini-MR, Niumag, China) is purchased
from Suzhou Niumag Corporation, China (http://en.niumag.com).
Its magnetic intensity, gradient value and frequency range are
Table 2 Physical properties of the core samples and summary of the C

Core sample 1 2

Length (mm) 200.2 200.0
Core radius (mm) 25.1 25.0
Porosity (%) 4.8 4.5
Injection pressure (MPa) 4.6 7.2
Permeability (mD) 0.22 0.21
Relative reduction in the permeability
(%)

0 9.09

Percentage of asphaltene precipitated
aer 7 PVs of CO2 injection (%)

12.56 15.18

Final oil recovery aer 7 PVs of CO2

injection (%)
27.35 44.05

This journal is © The Royal Society of Chemistry 2017
0.5 T, 0.025 T m�1 and 1–30 MHz, respectively. Its control preci-
sion is 0.01 MHz. The parameters of the NMR apparatus are set as
follows: Te (time of echo), 0.27 ms; Tw (time of wait), 4000 ms; Nech

(number of echo), 6000;Ns (number of scan), 64; the pulse width is
divided into 90� pulse width (P1 ¼ 22) and 180� pulse width (P2 ¼
40). For precision control purpose, calibration of the NMR appa-
ratus is required prior to each measurement. The calibration is
deemed to be acceptable if the NMR is able to detect the T2 signal
of a 10 mg water lm.

2.3 Experimental procedures

2.3.1 Measurement of asphaltene content. We use the
UV-VIS-NIR spectrophotometer to measure the asphaltene
content (UV-3600 Plus, Shimadzu Corporation, Japan). This test
method requires a small amount of oil. The amount of oil
produced during the experiments is small, making the spec-
trophotometer an ideal tool for conducting such measurement.
The measurement is conducted under room temperature and
pressure. The procedure for determining the asphaltene
content using the spectrophotometer is as follows: (1) dissolve
0.1000–1.000 g of crude oil sample into 1.00 mL of toluene; (2)
prepare 100.00 mL of n-heptane and heat it to 85 �C; (3) pour the
n-heptane into the oil/toluene mixture and vigorously stir the
resulting mixture until a homogenous suspension is obtained;
(4) cool the suspension to room temperature; (5) meanwhile,
prepare 100.00 mL of n-heptane as a reference uid; and (6)
under wavelengths of 750 nm and 800 nm, use the UV-VIS-NIR
spectrophotometer to measure the absorbance of the suspen-
sion contained in a 1 cm quartz bath, which eventually deter-
mines the asphaltene content in the crude oil sample.

2.3.2 MMP test. We rst measure the MMP of the crude oil
sample. At present, there are two major methods to determine
the MMP for a given crude oil–CO2 system, i.e., the rising-
bubble apparatus (RBA) test and the slim-tube test.24,25

Recently, Hawthorne et al. developed another convenient
method, so-called capillary rise/vanishing interfacial tension
method, for measuring MMP.26 In this study, the slim-tube test,
which is the most reliable and commonly used among the
experimental methods, is applied to determine the MMP.

The slim tube test apparatus is composed of three parts: the
injection system, the slim tube and the production system. The
slim tube, which is lled with quartz sand, has a length of 20 m
O2 flooding experiments conducted at 80 �C

3 4 5 6 7 8

200.1 200.5 199.2 199.9 200.3 200.0
24.9 24.7 25.0 25.0 25.1 25.4
4.6 4.5 4.4 4.5 4.8 4.7
8.5 15.2 20.7 23.2 25.5 35.2
0.22 0.22 0.22 0.21 0.22 0.22
13.63 18.18 27.27 36.36 40.91 45.45

17.33 22.23 24.23 30.91 33.15 36.26

56.11 61.17 81.65 85.90 87.98 89.12

RSC Adv., 2017, 7, 38367–38376 | 38369
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Fig. 1 Schematic of the coreflooding apparatus used for the coreflooding experiments.
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and a diameter of 3.75 mm. Before the measurements, the tube
is cleaned and dried at 100 �C for 6 h in the oven. Then we
measure the air permeability and porosity of the slim tube. The
experimental temperature is set to 80 �C and the pressure levels
considered in this research include the following: 14 MPa,
18 MPa, 22 MPa, 26 MPa, and 30 MPa. The oil displacement
efficiency is found to be less than 90% at two pressure points
(14 MPa and 18 MPa) but higher than 90% at the other three
pressures.27,28During the test, the injection rate is maintained at
0.125 mL min�1. But when the gas breaks through, this rate
cannot maintain a constant injection pressure; so we properly
increase the injection rate to maintain a constant injection
pressure in this case. We terminate the slim tube experiment
when the volume of CO2 reaches 1.2 times of the core's pore
volume (PV). Finally, the pressure-recovery curve is drawn and
analyzed to determine the MMP.

2.3.3 Coreooding experiments. The experimental proce-
dure is described as follows:

(1) The articial core samples are cleaned and dried at 100 �C
for 8 h in the oven. The air permeability is measured by a gas
permeameter (Ultraperm – 500 TM, TEMCO, USA).

(2) In order to saturate the core, the core is placed in a sealed
container and emerged in the simulated formation water. The
sealed container is vacuumed for 24 h under a pressure of �80
kPa, allowing formation water to enter the core sample. Once the
core weight remains unchanged the water saturation process is
deemed to be terminated. To calculate the porosity, the core is
weighed before and aer water saturation. The following equation
is used to calculate the porosity on the basis of the weight
difference of the core before and aer water saturation,

VC ¼ VW ¼ M2 �M1

rw
(1)

where Vc is the pore volume of core sample; Vw is the volume of
water vacuumed into the core sample; M1 is the weight of the
core sample before water saturation; andM2 is the weight of the
core aer water saturation. Then the porosity can be calculated
by,
38370 | RSC Adv., 2017, 7, 38367–38376
f ¼ VC

V
(2)

where V is the volume of core sample and f is the porosity of the
core sample.

(3) At this point, the core sample is also scanned by the NMR
apparatus to obtain a T2 response under initial water-saturated
condition.

(4) The core is displaced with the MnCl2 solution
(15 000 mg L�1) by 3–4 PV in order to eliminate the hydrogen
signal of brine. Aer the displacement the core sample is
scanned again by the NMR apparatus.

(5) The core sample is placed in a core holder, and the oil is
injected into the core sample with an injection rate of 0.01 mL
min�1 until water cut is less than 1%. Upon the end of oil
saturation, the T2 response of the core sample is measured
again.

(6) CO2 is injected into the core sample at a constant rate of
0.5 mL min�1 at 80.0 �C to conduct experiments at eight pres-
sures of 4.6 MPa, 7.2 MPa, 8.5 MPa, 15.2 MPa, 20.7 MPa,
23.2 MPa, 25.5 MPa, and 35.2 MPa. These pressures are main-
tained by the back-pressure at the rear of the core holder. The
back-pressure is kept 1.0 MPa lower than the injection pressure.

(7) The injection pressure, injection rate, conning pressure
and back pressure are all recorded. We collect the produced oil
and gas. When the amount of CO2 injected reaches 7 PV, the
displacement is completed and the asphaltene content of the
produced oil is measured by a spectrophotometer.

(8) Aer the CO2 ooding test, the core samples are cleaned
with benzene and dried at 100 �C for 12 h in the oven. Aer-
wards, its permeability and porosity are measured again.

(9) Aer CO2 ooding test, the core sample undergoes the
same treatments as described from step 1 to step 4. Eventually,
another NMR scan is used to reveal the oil distribution across
the different pores of the core sample. It is noted that the NMR
scan is also made again in the step 2.

As shown in Fig. 1, to conduct a NMR scan we close valves #1,
#2 and #3, decouple the core holder from the ooding
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Determination of the MMP of the crude oil–CO2 system on the
basis of the slim tube test.

Fig. 3 Oil recovery factors as a function of the injected PVs of CO2 at
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apparatus and then place it in the NMR apparatus for T2 scan.
The coreooding apparatus and the NMR apparatus are placed
in the same room 2 m apart and thus the nonmagnetic core
holder can quickly loaded to the NMR apparatus for testing. The
time needed for handling the core holder and conducting NMR
scans is relatively short (maximum several minutes), and
therefore uid shrinkage in the core can be ignored.29 These
measures greatly minimise the chance of isolation/
depressurization and cooling occurring in the core holder
during the NMR scan.

2.3.4 NMR tests. The NMR apparatus used in this study
detects the transverse relaxation motion of the 1H of uids in
the pores. The oil distribution in the pore throats can be ob-
tained by detecting the 1H in the oil molecules. The magnitude
of the T2 response represents the relative amount of oil present
in the porous media.

The total T2 response of uids in the tight core samples is
given as,30,31

1

T2

¼ 1

T2S

þ 1

T2D

þ 1

T2B

(3)

where T2S is the transverse relaxation time from the core
surface; T2D is the transverse relaxation time due to the uids
diffusion in magnetic gradients; and T2B is transverse relaxation
time from the bulk relaxation.

For uids ow in the core samples, the transverse relaxation
time due to the uids diffusion (T2B) and due to the bulk
relaxation (T2D) can be reasonably neglected, that is, only the
relaxation time from the core surface (T2S) mainly contributes to
the total T2 response.29 Furthermore, the rock-surface relaxation
strongly correlates with the specic area of the rock sample,
which is dened as the ratio of the surface area of a pore to the
volume of the same pore. A larger specic area can result in
a stronger T2 relaxation but a smaller T2 relaxation time.
Therefore, the T2 response can be expressed as,32,33

1

T2

z
1

T2S

¼ r

�
S

V

�
(4)

where r presents the surface relaxation rate (mm ms�1); and (S/
V) represents the specic area of the core sample (1/mm), i.e., the
ratio of the total surface area from the pores to the total pore
volume of the core sample. The specic area of the core sample
correlates with the pore throat radius and therefore eqn (4) can
be directly converted to,30,31

T2 ¼ 1

rFs

r (5)

then,

r ¼ CT2 (6)

where FS is the dimensionless shape factor of the pores present
in the core sample and r is the pore throat radius (mm). It can be
seen from eqn (6) that if C ¼ 1/(rFS) is considered to be
a constant,29,34,35 the T2 response is directly proportional to the
pore throat radius. The higher the T2 value is, the larger the pore
throat radius will be. The T2 response of all core samples is
This journal is © The Royal Society of Chemistry 2017
mainly distributed in the range of 0.01–1 ms and 1–1000 ms. In
our work, we dene the 0.01–1 ms as the smaller pores and the
1–1000 ms as larger pores.
3. Results and discussion
3.1 CO2–oil MMP

The recovery factor of the slim tube test is described in Fig. 2. At
injection pressures lower than the MMP (14.0 MPa and 18.0
MPa), it can be found that the recovery factor increases rapidly
from 60.23% to 79.18% as the injection pressure increases. This
corresponds to a typical immiscible ooding stage. When the
injection pressure is higher than 21.6 MPa, the oil recovery
factor is more than 90% and increases slowly as the pressure
increases, indicating a miscible ooding stage. As such, the
MMP of the crude oil can be determined to be 21.6 MPa since
this pressure corresponds to the breakpoint of the oil recovery
curve and the recovery factor at this pressure is above 90%.36,37
different pressures.

RSC Adv., 2017, 7, 38367–38376 | 38371

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06392j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/3

1/
20

25
 2

:1
7:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
We also compare this measured MMP to the MMP calculated
by an empirical correlation. The CO2–oil MMP correlation was
initially proposed by Alston et al. and improved by Li et al.37,38

Using this correlation, the MMP is calculated to be 20.5 MPa,
showing a 5% relative deviation from the measured MMP.
3.2 Oil recovery due to CO2 ooding

3.2.1 Oil recovery proles. Table 2 shows the physical
properties of the core samples used in the CO2 ooding exper-
iments and summaries the major results of the CO2 ooding
experiments. It is noted that the injection pressure ranges from
4.6 MPa to 35.2 MPa, which covers all the immiscible, near-
miscible, and miscible conditions. Fig. 3 shows the oil
recovery factors as a function of the PVs of CO2 injected at
different pressures.

It can be seen from Fig. 3 that when the volume of CO2

injected changes from 1 PV to 4 PV, the oil recovery increases
rapidly. Aerward, the oil recovery only increases slightly with
a further increase in the CO2 injection volume. Fig. 4 shows the
oil recovery factors achieved aer 7.0 PVs of CO2 injection vs.
the CO2 injection pressure. As seen from Fig. 4, the oil recovery
factor tends to increase quickly with an increase in pressure in
the immiscible ooding stage. In the immiscible ooding stage,
CO2 density increases sharply as pressure increases, leading to
faster dissolution of CO2 in crude oil contained in the core
sample. The large amount of CO2 dissolved in the crude oil
reduces the viscosity of the crude oil, reduces the interfacial
tension between CO2 and oil, and swells the volume of the crude
oil.6,15 All these benecial effects lead to a quick recovery of oil in
this stage. Aer entering the miscible ooding stage, these
benecial effects are diminishing, leading to only a slight
increase in the recovery factor. Overall, the recovery curve,
which is obtained by the CO2 coreooding experiments, echoes
well with that obtained by the slim tube experiments.

3.2.2 Comparison of T2 response measured for the initial
oil-saturated core and that measured for the core immediately
aer CO2 ooding. Three cores, which have undergone CO2
Fig. 4 Oil recovery factors achieved after 7.0 PVs of CO2 injection vs.
the CO2 injection pressure.

38372 | RSC Adv., 2017, 7, 38367–38376
ooding at the injection pressures of 4.6 MPa (immiscible
state), 20.7 MPa (near-miscible state) and 35.2 MPa (miscible
state), respectively, are selected for conducting the NMR tests.
Fig. 5 Measured T2 responses of core samples before and after the
CO2 flooding conducted at: (a) 4.6 MPa; (b) 20.7; and (c) 35.2 MPa.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The percentage of asphaltene precipitated and the relative
reduction in permeability of the core samples at different injection
pressures.
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Fig. 5 illustrates the T2 responses of the three cores before and
aer CO2 ooding conducted at 4.6 MPa, 20.7 MPa and
35.2 MPa, respectively. In order to compare the variation of T2
responses scanned at different times, the following normaliza-
tion equation is used when plotting Fig. 5,

f ¼ A

S
(7)

where f is T2 frequency; A is the original values of T2 amplitude
measured by each NMR scan; and S is the summation of T2
amplitudes measured for the initial oil-saturated core.29 It can
be observed from Fig. 5 that the T2 response under the initial
saturated oil condition is mainly bimodal. It should be noted
that the area covered by the T2 response stands for the relative
oil contents in the core, and a larger coverage area indicates
higher oil content.

T2 proles with different levels of intensity are detected at
the end of the various CO2 ooding experiments. As for these
three cases, the drops in the right peak of the T2 response are all
more obvious than that in the le peaks of the T2 response. This
indicates that the oil in the larger pores (1–1000 ms) can be
more easily accessed and recovered by the injected CO2 than
that in the smaller pores (0.01–1 ms). The le peak of the T2
response for the core #1 exhibits a smaller drop. It means that
less oil in small pores (0.01–1 ms) has been displaced and
recovered by CO2. Based on these observations, we can infer
that, compared to the larger pores (1–1000 ms), the smaller
pores (0.01–1 ms) can be more easily blocked/lled by the
asphaltenes that are precipitated during the CO2 ooding
process.
3.3 Asphaltene precipitation and permeability reduction

The percentage of asphaltene precipitated is calculated by
comparing the asphaltene contents in the original oil sample
and the produced oil, while the percentage of permeability
reduction is calculated by comparing the permeability of the
core before and aer CO2 ooding, while. The following equa-
tion is used to calculate the percentage of asphaltene
precipitation,

A ¼ C1 � C2

C1

� 100% (8)

where A is the percentage of asphaltene precipitation, %; C1 is
the asphaltene content of the initial oil, %; and C2 is the
asphaltene content of the produced oil, %. The following
equation is used to calculate the percentage of permeability
reduction,

P ¼ K1 � K2

K1

� 100% (9)

where P is the percentage of permeability reduction, %; K1 is the
initial permeability of the core sample, mD; and K2 is the
permeability of the core sample aer each ooding, mD.

Table 2 also shows the percentage of asphaltene precipitated
as well as the relative reduction in the permeability aer each
ooding experiment. At an injection pressure of 4.6 MPa,
asphaltene precipitation rst appears, leading to that the
This journal is © The Royal Society of Chemistry 2017
asphaltene content in the produced crude oil is reduced
compared to that in the original oil sample. Fig. 6 plots the
percentage of asphaltene precipitated aer 7 PVs of CO2 injec-
tion and the relative permeability reduction of the core samples
at different injection pressures. It can be seen from Fig. 6 that,
in the immiscible ooding stage, the amount of asphaltene
precipitation tends to signicantly increase as the pressure
increases. When the injection pressure rises above the MMP, we
can still observe asphaltene precipitation aer the CO2 ooding
experiments, but such precipitation is much less compared to
that resulted from the immiscible ooding. These ndings are
generally consistent with those reported in Wang and Gu.15

Similarly, the permeability of the core samples is seen to
decreases with increased injection pressure. This is attributed
to the fact that the amount of asphaltene precipitated in the
core samples is increased as pressure increases. It can be
observed from Fig. 6 that the degree of permeability reduction is
positively correlated with the percentage of asphaltene precip-
itated. In the immiscible ooding stage, an increase in pressure
results in more severe asphaltene precipitation. With more
asphaltene precipitated, more pore spaces can be blocked by
the asphaltene. As a result, a more severe reduction in the core
permeability ensues. A question arises here with regard to how
the asphaltene precipitation has blocked the pore spaces in the
core sample, and thereby altered the pore size distribution of
the core sample. This will be addressed by the NMR tests dis-
cussed in Section 3.4.
3.4 Effect of asphaltene precipitation on NMR responses

3.4.1 Comparison of T2 response measured for the initial
water-saturated core and that measured for the water-saturated
core aer CO2 ooding. As mentioned in the experimental
procedure, we also measure the T2 response for the initial water-
saturated core and the T2 response for the water-saturated core
aer CO2 ooding. Fig. 7 plots the T2 response measured under
different experimental scenarios. It can be seen from Fig. 7 that
the bimodal distributions as show in Fig. 5 have been altered to
RSC Adv., 2017, 7, 38367–38376 | 38373
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be unimodel distributions. The reason, leading to that we are
only able to detect the NMR response from large pores, is that
the core sample is being saturated with water through
Fig. 7 Comparison of the T2 response measured for the initial water-
saturated core and for the water-saturated core after CO2 flooding
conducted at: (a) 4.6 MPa; (b) 20.7 MPa; and (c) 35.2 MPa.

38374 | RSC Adv., 2017, 7, 38367–38376
vacuuming forces. It can be observed from Fig. 7 that, being
vacuumed into the core sample, water is only lling up the
Fig. 8 Comparison of T2 response measured for the initial oil-satu-
rated core and that measured for the oil-saturated core after CO2

flooding conducted at: (a) 4.6 MPa; (b) 20.7 MPa; and (c) 35.2 MPa.

This journal is © The Royal Society of Chemistry 2017
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larger pores corresponding to T2 response between 1–1000 ms.
The vacuuming force cannot imbibe water into the smaller
pores corresponding to T2 response between 0.01–1 ms.

It can be observed from Fig. 7(a) that the T2 response
measured for the water-saturated core aer CO2 ooding (4.6
MPa) moves to a slightly lower position compared to that
measured for the initial water-saturated core. This indicates,
aer CO2 ooding, a small portion of the larger pores is clogged
by the asphaltene precipitated. The blockage of the larger pores
becomes more severe when the CO2 ooding is conducted at
higher pressures, as illustrated by Fig. 7(b) and (c).

3.4.2 Comparison of T2 response measured for the initial
oil-saturated core and that measured for the oil-saturated core
aer CO2 ooding. When we are saturating the core with the oil
sample, the oil is injected into the core by the syringe pump.
The injection force exerted by the pump has enabled the crude
oil to enter both the larger pores and smaller pores, leading to
the appearance of the bimodal T2 response as shown in Fig. 5.
To reveal the effect of asphaltene precipitation on the blockage
of both smaller pores (0.01–1 ms) and larger pores (1–1000 ms),
we measured the T2 responses for the initial oil-saturated core
and for the oil-saturated core aer CO2 ooding. The difference
between the two T2 responses can reect how much of the pore
system have been lled with the asphaltene precipitated. The
results are plotted in Fig. 8. As shown in Fig. 8(a), the amount of
saturated crude oil in the core sample has decreased in both
larger and smaller pores, indicating that asphaltene tends to
block the pore spaces aer CO2 ooding conducted at 4.6 MPa;
but at such low injection pressure, a small portion (about
4.50%) of the large pores (1–1000 ms) is lled up with the
asphaltene precipitated, while only a tiny part of the smaller
pores (0.01–1 ms) is lled up with the asphaltene precipitated.
However, when the injection pressure increases above the
MMP, an opposite trend can be observed from Fig. 8(b): more
than 43.21% of the smaller pores (0.01–1 ms) is clogged, while
only 15.62% of the large pores (1–1000 ms) is affected by the
asphaltene. It can be seen from Fig. 8(c) that as the pressure
further increases to 35.2 MPa, 72.32% of the smaller pores
(0.01–1 ms) and 38.69% of large pores (1–1000 ms) are,
respectively, blocked by the asphaltene precipitated during CO2

ooding. In addition, aer CO2 ooding conducted at such
a high injection pressure, the le peak in the T2 response
completely disappears, implying that the large amount of
asphaltene precipitated during the miscible CO2 ooding has
blocked the majority of the smaller pores. Such consequences
can lead to a substantial decrease in the core permeability, as
mentioned above.

4. Conclusions

We conduct an experimental study to reveal the formation
damage mechanism of tight cores due to asphaltene precipita-
tion during CO2 ooding. Because of the use of articial tight
cores, we make sure that only asphaltene will be the major solid
phase that is precipitated during CO2 ooding, while the solid
precipitation due to CO2/rock reactions is excluded. The
following conclusions can be obtained from the study:
This journal is © The Royal Society of Chemistry 2017
�In the immiscible ooding stage, the degree of asphaltene
precipitation increases with an increase in the CO2 injection
pressure. Aer entering the miscible ooding stage, asphaltene
can be still precipitated, but with a much lower magnitude. The
reduction in the core permeability aer CO2 ooding shows
a similar dependence on CO2 injection pressure.

�A comparison is made between the T2 response measured
for the initial oil-saturated core and the T2 response measured
for the core immediately aer CO2 ooding. It is found that, in
the immiscible ooding stage, the oil recovery mainly originates
from the recovery of the oil that is contained in the relatively
larger pores. As the pressure increases beyond the MMP, more
oil contained in the smaller pores is able to be tapped.

�We also compare the T2 response measured for the initial
water-saturated core and the T2 response measured for the
water-saturated core aer CO2 ooding. The comparison shows
that in the immiscible ooding stage, a small amount of
asphaltene precipitation occurs in the larger pores (1–1000 ms),
lling up small portion of these pore spaces, while little
asphaltene shows up in the smaller pores (0.01–1 ms). In the
miscible ooding stage, the smaller pores tend to be more
affected by the precipitated asphaltenes compared to the larger
pores, leading to a substantial decrease in the core
permeability.
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