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vity in the water flooding heavy oil
process from porous rocks

Bo Zhang,a Zheyu Liu, b Han Zhang,b Quan Shi, a Yiqiang Li *b and Chunming Xu*a

Water flooding increases the recovery factor of crude oil and has been proven to be an economical and

viable technique for enhancing the oil recovery of oil fields. The process has been systematically studied

previously, in which the oil was considered a substance of constant composition. However, the

molecular selectivity during the water flooding process has rarely been addressed, especially for heavy

oil. Herein, the properties and compositional changes of heavy oil have been investigated in a simulated

water flooding process at 60 �C and 85 �C. The crude oil and produced oils from different water

flooding stages were characterized by gas chromatography, gas chromatography-mass spectrometry,

and Fourier transform ion cyclotron resonance mass spectrometry. The results show that with the

increase in temperature, the content of resins in the produced oils from different water flooding stages

decreases, and the content of asphaltenes increases slightly. The viscosity of the produced oils increases

at low temperatures and decreases at high temperatures as the water cut increases. The composition of

the produced oils from different water flooding stages is different. Compared with the no water cut and

high water cut stages, the changes in the produced oils of the low water cut stages are significant at

different temperatures. The molecular selectivity of heteroatoms is higher than that of hydrocarbons in

the water flooding process. Water flooding preferentially extracts small-molecule low-carbon

hydrocarbons and small-molecule heteroatoms with low condensation degrees. The compositional

differences between the produced oils were characterized by the double bond equivalent versus carbon

number distribution of the S, N, and O-containing compounds. This study can not only provide some

explanations on the viscosity-forming mechanism of heavy oil but also explains the watered-out

phenomena in the development of oilfields.
1 Introduction

Crude oil is still one of the most important fossil energy sources
in the world despite the continuous development of new energy
sources.1,2 Crude oil is a complex mixture of organic molecules
that contains carbon, hydrogen, sulfur, nitrogen, oxygen, as well
as metallic elements.3 The composition and structure of these
molecules determine the physical properties and chemical
reactivity of crude oil.3–5 The molecular composition is also of
great signicance in geochemical research.6,7

In addition to the formation temperature and pressure,
water washing, chromatographic effects, and biodegradation
can cause variations in the composition of crude oil during
petroleum development.8,9 The light components, which have
lower density and viscosity, are extracted rst in the develop-
ment process.9,10 When the water cut of the oil well rises, the
dissolved gas in the crude oil will partially dissolve in water. The
g, China University of Petroleum, Beijing

iversity of Petroleum, Beijing 102249, PR

the Royal Society of Chemistry
decrease in saturation pressure and the gas–oil ratio of the
petroleum can cause the precipitation of heavy components
such as asphaltenes, which could lead to a signicant decrease
in the freezing point and increase the density and viscosity of
the petroleum uid.11 In the primary recovery stage, clay
minerals selectively adsorb the crude oil components with
a chromatographic effect, which results in a lower concentra-
tion of polar components such as resins and asphaltenes than
those in the reservoir oil.12

Water ooding development has the characteristics of low
cost, quick effect, and a remarkable effect of enhancing oil
recovery, and is commonly used aer the primary recovery
development of oil elds.13 In the process of oil displacement in
the reservoir, the differential solubility of different oil compo-
nents in water results in the change of oil components because
of the water washing effect. The preference for low molecular
weight compounds with high water solubility at the beginning
of development results in an increase in the average molecular
weight and a decrease in the API gravity of the produced oil.10

API gravity, which is revised jointly by the American Petroleum
Institute and National Institute of Standards and Technology,
expresses the gravity or density of crude oil. Lafargue and Le
RSC Adv., 2022, 12, 24839–24848 | 24839

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra04721g&domain=pdf&date_stamp=2022-08-30
http://orcid.org/0000-0002-1564-7486
http://orcid.org/0000-0002-1363-1237
http://orcid.org/0000-0001-5926-8229
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04721g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012038


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
6.

10
.2

02
5 

14
:2

0:
17

. 
 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
Thiez14 found that the content of low molecular aromatics
decreases, while the content of aromatics above C10 changes
little in the produced oil. Additionally, the content of hetero-
atoms in the produced oil increases during the water ooding
process, forming compounds such as dibenzothiophene, which
is considered a signature compound.15–18 In the late stage of
development, the content of low molecular hydrocarbons in the
produced oils decreases with the increase in the recovery factor.
Water ooding signicantly modies the distribution of bicyclic
aromatics, but only has little effect on the composition of
polycyclic aromatic compounds with three or more aromatic
rings.19 The concentration of basic nitrogen compounds and
petroleum acids decreases in the late stage of water ooding
development.12,20

However, some researchers have reported that the content of
each composition in the produced oils is generally stable during
the anhydrous stage in the water ooding process. The content
of aromatics gradually increases with the increase in the water
cut.21–23 Small-molecule heteroatoms with low molecular
condensation degrees are easy to extract, except those with high
molecular polarity.24 The compositional changes observed from
different studies in the produced oils are inconsistent because
the oils come from different water ooding stages.

The recoverable resource of crude oil in the world has been
proved to be 126.7 billion tons, more than 70% of which is
heavy oil.25–27 Water ooding has been proven to be an
economical and viable technique for enhanced oil recovery.21

Although many studies have reported the compositional
changes during the water ooding process for light oil, the
molecular selectivity of heavy oil has rarely been addressed.

In this study, core scale water ooding simulation experi-
ments of heavy oil were carried out at 60 �C and 85 �C. The crude
oil and produced oils from different water ooding stages were
characterized by gas chromatography (GC), gas
chromatography-mass spectrometry (GC-MS), and Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) to reveal the molecular selectivity of petroleum
compounds during the water ooding process.
Table 1 Core physical properties and experimental parameters

Parameter 1 2
2 Experimental section
2.1 Sample

Heavy oil was obtained from the Shengli Oil Field (China),
which has a viscosity of 7780 mPa$s at 60 �C aer dehydration.
Heavy oil is a non-Newtonian uid at 60 �C and turns into
a Newtonian uid above 85 �C. The experimental water was
eld-ltered formation water with a salinity of 200 mg L�1. A
rectangular articial core was made of only quartz sand with
a length of 30 cm � a width of 4.5 cm � a height of 4.5 cm.
Temperature, �C 60 85
Porositya, % 31.61 34.54
Permeabilityb, mD 4032 4112
Original oil saturationc, % 89.98 81.97
Displacement media Cold water Hot water

a Porosity: saturated water volume/total core volume. b Permeability: the
gas phase permeability of the core using the Darcy formula. c Original
oil saturation: saturated oil volume/pore volume.
2.2 Water ooding experiments

The core physical properties and experimental parameters are
shown in Table 1. The porosity, permeability and original oil
saturation of the cores were set to be the same as actual reser-
voir conditions to simulate water ooding experiments from
porous rocks. A schematic diagram of the core scale water
24840 | RSC Adv., 2022, 12, 24839–24848
ooding simulation experiment instrument is shown in Fig. 1.
The instrument includes the injection system, articial core
model, liquid measurement system, pressure control system
and data acquisition system. The main equipment contains
a constant speed pump, plunger, thermostat, pressure sensor
and acquisition soware.

The core was loaded into a high-temperature resistant core
holder and then measured for permeability, vacuumed, satu-
rated with the experimental water and lled with crude oil in
turn. The core holder and plunger, which were lled with water,
were heated to the experimental temperature using a thermo-
stat; then, the experimental water was injected into the core
holder at 1 mL min�1 by the pump. The injection pressure was
recorded by a pressure sensor and the outlet pressure was
atmospheric pressure in the experimental process. The extrac-
ted liquid was collected in test tubes at 10 min intervals. The
experiment ends when the injection volume reaches 1.5 multi-
ples of the pore volume. The volumes of oil and water were read
aer the oil and water were separated completely.

The factor of water cut (fw) shown in eqn (1) is dened as the
ratio of water volume to total liquid volume. The recovery factor
(rf) shown in eqn (2) is dened as the ratio of oil volume to total
liquid volume. The crude oil and produced oils from different
water ooding stages (fw ¼ 0, fw # 0.8 and fw > 0.8 stages) were
collected in sampling bottles. The viscosity was measured at
high shear rates to avoid emulsion effects.

fw ¼ Vwater

Voil þ Vwater

(1)

rf ¼ Voil

Voil þ Vwater

(2)
2.3 SARA fractionation

The crude oil and the produced oils from different water
ooding stages were rst dehydrated with anhydrous sodium
sulfate and then separated into saturates, aromatics, resins, and
asphaltenes (SARA) based on the ASTM D2007-19 method
(equivalent to the Chinese industry standard NB/SH/T 0509-
2010 method).28

Briey, about 0.5 g of the oil sample was dissolved in 25 mL
n-heptane. The mixture was heated with reux for 1 h and then
stored in the dark for 2 h aer cooling. The n-heptane
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the water flooding experiment
instrument.

Fig. 2 Injection pressure, factor of the water cut (fw) and recovery
factor (rf) as functions of the accumulated injection volume in the
water flooding experiments (top). Comparison of the ratio of the
recovery factor, viscosity and total acid number (TAN) values of the
crude oil and produced oils from different water flooding stages
(bottom).
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precipitate was obtained by ltration using a quantitative lter
paper (pore size 30–50 mm). The lter paper with the precipitate
was put into the extractor and heated with reux for 1 h using an
n-heptane mixture until the solvent turned colorless. The n-
heptane-soluble fraction called maltene was obtained by
vacuum rotary evaporation of the n-heptane mixture. The lter
paper with the precipitate in the extractor was heated with reux
for 1 h using 30 mL toluene until the solvent turned colorless.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Asphaltene was obtained by vacuum rotary evaporation of the
toluene mixture. The maltene in n-heptane was concentrated to
about 10 mL by vacuum rotary evaporation. Then, maltene was
fractionated into saturates, aromatics, and resins using
alumina (100–200 mesh, activated at 500 �C for 6 h, with 1 wt%
water added) column chromatography with a 50 �C circulating
water bath. The saturates and aromatics were eluted with 80 mL
n-heptane and 80 mL toluene, respectively. The resins were
eluted with 40 mL toluene/ethanol (1 : 1, v/v), 40 mL toluene
and 40 mL ethanol. The solvent in each effluent was dried by
a vacuum drying oven (110 �C, 0.08 MPa vacuum) and weighed
several times until constant weight aer cooling.
2.4 Simulated distillation

The high-temperature simulated distillation analysis was per-
formed on a modied Agilent 6890N GC system (Analytical
Controls, Netherland). An AC HT-750 high-temperature column
(5 m � 0.53 mm � 0.18 mm) (Analytical Controls, Netherland)
was used for the analysis. The oven was held at 40 �C for 1 min,
ramped from 40 �C to 430 �C at 10 �C min�1, and then held at
430 �C for 5 min. Helium was used as the carrier gas at a ow
rate of 19 mL min�1. The injector was held at 100 �C for 15 min,
programmed to 430 �C at 15 �C min�1, and then held at 430 �C
for 22 min. The ame ionization detector (FID) was maintained
at 430 �C. The sample injection was 1 mL.
2.5 GC-FID

An Agilent 7890A GC coupled with a ame ionization detector
(FID) was used to analyze the hydrocarbons of the crude oil and
produced oils from different water ooding stages. An HP-1
elastic silica capillary column (60 m � 0.25 mm � 0.25 mm)
was used. The column was held at 40 �C for 10 min, ramped
from 40 to 70 �C at 4 �C min�1, ramped from 70 to 310 �C at
8 �Cmin�1, and then held at 310 �C for 40 min. The injector was
held at 310 �C and the FID was maintained at 310 �C. Nitrogen
was used as the carrier gas at a ow rate of 1mLmin�1. The split
ratio was set to 20 : 1.
2.6 GC-MS

An Agilent 7890A GC coupled with a 5975C mass spectrometer
was used to analyze the saturates and aromatics. An HP-5 fused
silica capillary column (60 m � 0.25 mm � 0.25 mm) was used.
For saturates, the column was held at 50 �C for 1 min, ramped
from 50 to 120 �C at 20 �C min�1, ramped from 120 to 250 �C at
4 �C min�1, ramped from 250 to 310 �C at 3 �C min�1, and then
held at 310 �C for 30 min. Both the injector and transfer line
were held at 300 �C. For aromatics, the column was held at 50 �C
for 1 min, ramped from 50 to 120 �C at 15 �C min�1, ramped
from 120 to 300 �C at 3 �C min�1, and then held at 300 �C for
35 min. The injector was held at 290 �C and the transfer line was
held at 250 �C. Helium was used as the carrier gas at a constant
ow rate of 1 mL min�1. The ion source temperature of MS was
maintained at 250 �C and operated in the electron-impact
ionization (EI) mode with an electron beam energy of 70 eV.
The mass range was set to m/z 35–600.
RSC Adv., 2022, 12, 24839–24848 | 24841
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Table 2 SARA composition of the crude oil and produced oils from different water flooding stages

Number Sample Saturates, wt% Aromatics, wt% Resins, wt% Asphaltenes, wt% Yield, wt%

1 Crude oil 20.74 35.59 30.06 14.39 100.78
2 60 �C fw ¼ 0 19.58 34.58 27.92 14.74 96.82
3 60 �C fw # 0.8 19.48 37.08 29.59 14.46 100.61
4 60 �C fw > 0.8 15.92 34.29 27.80 15.62 93.63
5 85 �C fw ¼ 0 18.70 36.46 27.56 15.18 97.90
6 85 �C fw # 0.8 16.25 35.10 25.34 15.76 92.45
7 85 �C fw > 0.8 18.22 36.50 25.45 14.94 95.11

Fig. 4 GC chromatograms of the crude oil and produced oils from
different water flooding stages.
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2.7 FT-ICR MS

A Bruker Apex-Ultra FT-ICR mass spectrometer coupled with
a 9.4 T magnet (operating at 9.0 T) was used to analyze the
molecular composition of the crude oil and produced oils from
different water ooding stages. About 10 mg of the oil sample
was dissolved in 1 mL toluene in a beaker ask. Twenty
microliters of the toluene solution were diluted with 1 mL
toluene/methanol (1 : 3 v/v). The prepared solution was infused
into the ion-ionization source at a ow rate of 180 mL min�1.
Positive-ion and negative-ion electrospray ionization (ESI) were
carried out. The positive-ion and negative-ion ESI conditions
were +4/�4 kV spray shield voltage, +4.5/�4.5 kV capillary
column introduced voltage, and +320/�320 V capillary column
end voltage. The optimized time of ight for the ions extracted
from the collision pool to the ICR cell was 0.0012 s. The mass
range was set tom/z 150–800. The data size was set to 4Mwords.
A total of 64 scans of the FT-ICR time-domain data sets were
accumulated to enhance the signal-to-noise ratio and detection
dynamic range.
3 Results and discussion
3.1 Water ooding experiment and property analysis

As shown in Fig. 2 (top), the factor of the water cut increases
with increasing injection volume. The injection pressure
decreases and tends to be constant in the late period of water
ooding. The highest pressure of the fw ¼ 0 stage at 60 �C is
5 MPa, much higher than the 1.3 MPa at 85 �C. The decreasing
viscosity at 85 �C causes the reduction of injection pressure. The
Fig. 3 Simulated distillation curves of the crude oil and produced oils fr

24842 | RSC Adv., 2022, 12, 24839–24848
accumulated injection volume of the fw ¼ 0 stage at 60 �C is
higher than that at 85 �C, which has an earlier breakthrough
moment of water ooding. Water quickly breaks through the
core sample and leaves a lot of bypassed oil in the core. Aer the
water ow channel is formed, the rising rate of fw at 60 �C
increases rapidly, which is close to that at 85 �C, while a uc-
tuation of fw of around 80% arises in the fw > 0.8 stage at 85 �C.
There is very less chance for water to go into more pores and
displace crude oil due to the high capillary pressure gradient.
om different water flooding stages.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Relative abundance of n-alkanes in the crude oil and produced
oils from different water flooding stages at 60 �C (top) and 85 �C
(bottom).

Fig. 7 Relative abundance of the compound classes assigned from
the negative-ion (top) and positive-ion (bottom) ESI FT-ICR mass
spectra of the crude oil and produced oils from different water
flooding stages.
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The nal recovery factor of the fw ¼ 0 stage at 60 �C is 40%,
which is lower than the 49% at 85 �C.

As shown in Fig. 2 (bottom), the viscosity of the produced oils
from different water ooding stages is higher than that of crude
oil at 60 �C. However, with the temperature increasing to 85 �C,
the viscosity of the produced oil is lower than that of crude oil.
Fig. 6 Negative-ion (a) and positive-ion (b) ESI FT-ICR MS mass spectra

© 2022 The Author(s). Published by the Royal Society of Chemistry
The ratio of the recovery is inversely proportional to the viscosity
of the produced oils at different water ooding stages.
Compared to other water ooding stages, the fw ¼ 0 stage at
60 �C has a high ratio of recovery and low viscosity of the
produced oil, while the ratio of recovery in the fw > 0.8 stage at
85 �C is higher than that of the other two stages. The difference
in the recovery factors and pressure and the water cut proles
are mainly from the dramatic change in viscosity. Heavy oil is
a non-Newtonian uid, which has a high viscosity at room
temperature. With the increase in temperature, heavy oil shows
the properties of a Newtonian uid with low viscosity,29 and the
of the crude oil and produced oils from different water flooding stages.

RSC Adv., 2022, 12, 24839–24848 | 24843
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Fig. 8 Relative abundance distribution plots of DBE versus carbon number of the acidic O2 class assigned from the negative-ion ESI mass
spectra of the produced oils from different water flooding stages.
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increasing uidity of heavy oil makes it easier to extract. The
TAN values of the produced oils from different water ooding
stages are lower than that of crude oil. The TAN values of the
produced oils are inversely proportional to their viscosity at
different temperatures. This could be explained by the fact that
the petroleum acids in the produced oils decrease and water
ooding preferentially extracts the light fractions of the oils.
The variation in these two properties indicates that the chem-
ical composition of oils obtained from various ooding stages is
different.

The SARA composition of the crude oil and produced oils
from different water ooding stages at 60 �C and 85 �C are listed
in Table 2. The yields are different and lower than 100% because
of the loss of the light components during solvent volatilization
and the partial elution of heavy resins. Compared with crude
oil, the relative contents of resins in the produced oils from
different water ooding stages are lower, but those of asphal-
tenes are slightly higher than those in crude oil. With the
increase in temperature, the relative contents of resins in the
produced oils from different water ooding stages decrease and
the relative contents of asphaltenes increase slightly. It should
24844 | RSC Adv., 2022, 12, 24839–24848
be noted that compared with other water ooding stages, the
composition changes signicantly in the produced oils at the fw
# 0.8 stage at different temperatures. In this stage, the inter-
action between oil composition and water is the strongest due
to sufficient contact. The relative contents of aromatics and
resins in the produced oils at the fw # 0.8 stage are higher than
those at other stages and the contents of asphaltenes are lower
at 60 �C. Nevertheless, the changes at 80 �C are opposite to those
at 60 �C. Therefore, the composition of the produced oils from
different water ooding stages is different.

Spiecker et al.30 found that the solubility of the resins in the oil
is reduced because of the decreased thermal motion of heavy oil
molecules at 60 �C. The adsorption of resin molecules, which
continuously precipitate from crude oil, occurs on asphaltene
particles. The volume of the resin and asphaltene aggregate
increases, and the distance between the particles decreases. The
adjacent particles are connected by hydrogen bonds to form
a certain spatial network structure, resulting in an increase in the
viscosity of heavy oil and a large amount of liquid oil wrapped in
it. When the temperature rises to 85 �C, the aggregate structure
decomposes because of the breaking of the hydrogen bonds.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Relative abundance distribution plots of DBE versus carbon number of the basic nitrogen N1 class assigned from the positive-ion ESI mass
spectra of the produced oils from different water flooding stages.
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Heteroatoms of small molecules with strong polarity are
continuously precipitated, resulting in the increase in asphaltene
content and the change in the asphaltene structure.

The simulated distillation curves of the crude oil and
produced oils from different water ooding stages at 60 �C and
85 �C are shown in Fig. 3. Compared with crude oil, the
components with boiling points lower than 200 �C of the
produced oils are lost during the water ooding process. The
high-temperature simulated distillation curves from different
water ooding stages at 60 �C and 85 �C seem to be similar. The
produced oils contain more light fractions, which could be
eluted through the simulated distillation GC column, leading to
higher distillation yields than that of crude oil. The produced
oils contain mostly volatile components with over 90% yield,
but the crude oil contains about 14% non-volatile components
not recovered with 86% yield.
3.2 Characterization of hydrocarbons by GC and GC-MS

Fig. 4 shows the GC chromatograms of the crude oil and
produced oils from different water ooding stages at 60 �C and
© 2022 The Author(s). Published by the Royal Society of Chemistry
85 �C. The crude oil is severely biodegraded as n-alkanes almost
disappeared in the GC chromatogram. In the water ooding
process, the composition of hydrocarbons in the produced oils
is generally not affected by temperature. The chromatograms of
the produced oils from different water ooding stages at 60 �C
and 85 �C seem to be similar to that of crude oil. The peak at
49.5 min is a contaminant that is identied as a lipid compound
imported from the water ooding process.

Although n-alkanes are present in trace amounts in oil, they
can be observed in the m/z 85 GC-MS mass chromatograms of
the saturates. Fig. 5 shows the relative abundance of n-alkanes
as a function of carbon number. The relative abundance was
normalized based on the peak area of n-alkanes in the mass
chromatograms. The n-alkane distributions of the produced
oils from different water ooding stages are different from that
of crude oil.

Temperature has a great inuence on the molecular selec-
tivity of hydrocarbons in the water ooding process. Some large-
molecule hydrocarbons in crude oil are not easy to extract by
water ooding. The relative abundance of C13–C17 in the
produced oils at 60 �C is higher than that in crude oil, and the
RSC Adv., 2022, 12, 24839–24848 | 24845
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relative abundance of C23–C30 is lower than that in crude oil
(Fig. 5, top). The relative abundance of C17 in the produced oil of
the fw # 0.8 stage at 60 �C can reach up to 12%. The relative
abundance of C13–C17 in the produced oil at 85 �C is higher than
that in crude oil (Fig. 5, bottom). The relative abundance of C16,
C18 and C20 in the produced oil of the fw # 0.8 stage at 85 �C can
reach up to 10%. Due to the solvent effect, the relative abun-
dance of small molecular hydrocarbons has an effect on the
viscosity of the produced oils. The relative abundance of C12–

C17 hydrocarbons has the same trend as the viscosity of the
produced oils from different water ooding stages at 60 �C.
However, the relative abundance has the opposite trend as the
viscosity of the produced oils at 85 �C.
3.3 Characterization of heteroatoms by FT-ICR MS

Fig. 6 shows the ESI FT-ICR MS mass spectra of the crude oil
and produced oils from different water ooding stages. The
mass distribution of the produced oils at 60 �C is generally
similar to that of crude oil. However, the mass distribution
center of the produced oils shis from m/z 400 at 60 �C to m/z
300 at 85 �C.

Fig. 7 shows the relative abundance of the compound classes
assigned from the ESI FT-ICR mass spectra of the crude oil and
produced oils from different water ooding stages. A total of 10
and 11 classes were detected in the negative-ion and positive-
ion ESI analyses, respectively. The produced oils show
a higher relative abundance of N1 and O2 classes in the
negative-ion ESI FT-ICR mass spectra and N1 and S1 classes in
the positive-ion ESI FT-ICR mass spectra. According to previous
studies, the N1 classes detected in the negative-ion and positive-
ion ESI are neutral nitrogen compounds (carbazoles, benzo-
carbazoles, dibenzocarbazoles) and basic nitrogen compounds
(pyridines, quinolines, anilines), respectively. The O2 class is
carboxylic acids and the S1 classes are mainly thiophenes and
thioethers. Compared with crude oil, the relative abundance of
the acidic O2 class decreases in the produced oils, whereas the
relative abundance of the N1S1 classes increases signicantly.
The relative abundance of the basic nitrogen N1 class shows
a slight increase in the produced oils. The relative abundance of
the S1 class in the produced oils at 85 �C is much higher than at
60 �C in the positive-ion ESI FT-ICR mass spectra. With the
increase in temperature, the S1 classes, which are small
molecular compounds with low carbon number and low DBE,
are more extracted into the produced oils.

The relative abundance of the O2 class is higher than that of
the N1 class in the crude oil and produced oils of the fw ¼
0 stage at 60 �C and 85 �C in the negative-ion ESI FT-ICR mass
spectra. However, the relative abundance of the N1 class is
higher than that of the O2 class in the produced oils of the other
two stages because of the different solubilities of the O2 class
(mainly petroleum acids). Initially, the produced oils have
a similar molecular composition as crude oil in the fw¼ 0 stages
due to the effect of water ooding injection pressure difference.
Aer the water ooding breakthrough, the factor of water cut
increases, and petroleum acids are partially dissolved in the
water. Therefore, the relative abundance of the acidic O2 class
24846 | RSC Adv., 2022, 12, 24839–24848
in the produced oils is lower than that in the N1 class. At the
same time, the solubility of petroleum acid decreases with the
increase in temperature. Therefore, the relative content of the
O2 class in the produced oils at 60 �C is less than that at 85 �C.
There is a competitive ionization problem between the N1 class
and O2 class. For example, a decrease in the O2 class would
cause the N1 class to increase. Thus, the relative content of N1
in the produced oils at 60 �C is higher than that of the crude oil
and produced oils at 85 �C. As shown in Fig. 2 (bottom), the TAN
values of the produced oils are also lower than those of crude oil
and the relative abundance of the O2 class in the produced oils
from different water ooding stages is the same as the TAN
values obtained in this study.

The relative abundance distribution plots of the double bond
equivalent (DBE) versus the carbon number of the acidic O2
class and basic nitrogen N1 class of the produced oils are shown
in Fig. 8 and 9, respectively. The distribution of the carbon
number and DBE in the produced oils from different water
ooding stages is generally the same, but the relative abun-
dance distribution centers are different with the increase in
temperature.

As shown in Fig. 8, the acidic O2 classes of the produced oils
from different water ooding stages at 60 �C and 85 �C have
distributions of carbon number and DBE from 12 to 45 and 1 to
16, respectively. The most abundant compounds in the
produced oils at 60 �C are compounds that have a carbon
number ¼ 18–31 with a DBE ¼ 2–3 and a carbon number ¼ 32–
34 with a DBE ¼ 6. However, the relative abundance center of
the produced oils at 85 �C is concentrated at a carbon number¼
17–28 with a DBE ¼ 2–3 and a carbon number ¼ 21–23 with
a DBE ¼ 6.

Fig. 9 shows the basic nitrogen N1 class of the produced oils
from different water ooding stages at 60 �C and 85 �C, which
indicates that the distributions of the carbon number and DBE
are from 15 to 55 and 4 to 25, respectively. The most abundant
compounds in the produced oils at 60 �C are compounds that
have a carbon number ¼ 32–34 with a DBE ¼ 8 and a carbon
number ¼ 35 with a DBE ¼ 9. However, the relative abundance
center of the produced oils at 85 �C is concentrated at a carbon
number ¼ 20–28 with a DBE ¼ 7–12. Compared with that at
60 �C, the relative abundance distribution centers of DBE versus
carbon number for the heteroatoms in the produced oils at
85 �C move to lower carbon numbers and lower DBE due to the
heat effect. Water ooding preferentially extracts small-
molecule compounds with a low condensation degree.
3.4 Discussion

During the process of water ooding, the produced oils can be
divided into three stages according to the different water cut: no
water cut (fw ¼ 0), low water cut (fw # 0.8) and high water cut (fw
> 0.8). The properties and compositional changes of the
produced oils from the three water ooding stages at different
temperatures are different. The viscosity increases at low
temperatures and decreases at high temperatures compared to
that of crude oil. Viscosity is directly related to the recovery
factor during the water ooding heavy oil process. The higher
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the viscosity, the lower the recovery factor. The viscosity of the
oils increases with decreasing TAN value in the three water
ooding stages, which could be explained by the fact that
petroleum acids in the produced oils are partially dissolved in
water and water ooding preferentially extracts light fractions
of the oils. The relative content of the small-molecular hydro-
carbons may affect the viscosity of the produced oils. The vari-
ation in these two properties indicates that the chemical
compositions of oils obtained from various ooding stages are
different.

The composition of hydrocarbons in the produced oils from
different water ooding stages is generally the same as that of
crude oil, mainly because of the severely biodegraded crude oil
according to the GC chromatograms. However, GC-MS charac-
terization of the saturates and aromatics from SARA separation
shows that the relative contents of small-molecule low-carbon
hydrocarbons in the produced oil are lower than those in
crude oil during the process of the water ooding of heavy oil.
The main reason is that light fractions with high solubility are
very sensitive to the water-washing effect. The solubility of
aromatics is higher than that of saturates with the same carbon
number. The changes in SARA composition are small because
the water ooding time is very short in the core scale water
ooding simulation experiments. The relative contents of
saturates decrease while those of aromatics increase slightly or
remain unchanged in the produced oils. With the increase in
temperature, the molecular selectivity of heteroatoms increases
due to thermal effects in the water ooding process. Water
ooding preferentially extracts small molecules, low conden-
sation degree compounds and highly polar heteroatoms, which
are mainly distributed in asphaltenes. The content of resins in
the produced oils from different water ooding stages decreases
because large-molecular polar compounds, which are mainly
distributed in the resins, partly remain in the formation.

The molecular selectivity for light hydrocarbons and highly
polar heteroatoms can explain why the viscosity of the produced
oils varies differently during the water ooding heavy oil
process with the increase in temperature. By studying the
properties and compositional changes of the produced oils, we
can not only provide some explanation of the viscosity-forming
mechanism of heavy oil but also explain the watered-out
phenomena during the development of oilelds.
4 Conclusions

Heavy oil is not a substance of constant composition during the
water ooding process from porous rocks. Viscosity changes
with the increase in water cut during the water ooding heavy
oil process. The higher the viscosity, the lower the recovery
factor. The molecular selectivity for hydrocarbons and hetero-
atoms is different due to the different solubility of molecules
with the increase in temperature. Water ooding experiments
demonstrate that:

(1) The viscosity of the produced oils increases at low
temperatures and decreases at high temperatures as the water
cut increases. With the increase in temperature, the content of
© 2022 The Author(s). Published by the Royal Society of Chemistry
resins in the produced oils from different water ooding stages
decreases, and the content of asphaltenes increases slightly.

(2) The composition of the produced oils from different
water ooding stages is different. Compared with the no water
cut and high water cut stages, the changes in the produced oils
of the low water cut stages are signicant at different
temperatures.

(3) Water ooding preferentially extracts light fractions of
the oils. The relative content of the small-molecular hydrocar-
bons may affect the viscosity of the produced oils.

(4) Themolecular selectivity of heteroatoms increases during
the water ooding process with increasing temperature. Water
ooding preferentially extracts small-molecule heteroatoms
with low condensation degrees.

The study of the properties and compositional changes in
the water ooding process can provide explanations for the
viscosity-forming mechanism of crude oil and the watered-out
phenomenon during development. The property changes of
the remaining oil can also be indirectly obtained, which
provides a reference for the further development of oilelds.
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