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ABSTRACT: The electric field method proved in the lab and oil fields is an effective and fast way to significantly improve oil
recovery, which can be applied to greatly realize the urgent-need requirements for energy, especially in tight sandstones. Generally,
the changed molecular groups treated with an electric field modulate the wettability of reservoirs, affecting the final oil recovery.
Herein, the investigation of the impact of the electric field on the molecular groups of reservoirs is imperative and meaningful. In this
paper, tight sandstones were placed into a particular instrument and subjected to various strengths of the electric field. Nine treated
powders and one untreated powder of tight sandstones were processed by Fourier transform infrared spectroscopy (FTIR) and X-
ray photoelectron spectroscopy (XPS) experiments. FTIR results show that the electric field decreases aromatic groups, C−O
groups, COOH groups, and aliphatic groups, whereas it increases CC groups, CO groups, and OH groups. Interestingly, the
changes in C−O groups, CO groups, COOH groups, and OH groups are all the competitive results of production and
consumption during the treatment process. With regard to C−O groups and COOH groups, the consumption has an advantage over
the production on the content of functional groups, and the situations for C=O groups and OH groups exhibit a contrary trend.
The fitted result of XPS proves the fact that the electric field improves CO groups, OH groups, and COOR groups, whereas it
reduces C−O groups, supporting that the molecular groups can be mutually transformed during the electric field treatment. The
obtained knowledge is beneficial to the study of electric field-related technologies on the molecular groups of reservoirs.

1. INTRODUCTION

In a recent paper on science, Joon Heo puts forward a special
approach to tune the chemical properties of molecules by
altering the applied voltage.1 This further indicates that an
electric field can modulate the molecular groups of materials.
Interestingly, numerous studies demonstrate that the charges
are appealed and accumulated on the solid−liquid interface by
applying an electric field, where the chemical reactions occur,
with the result that the molecular groups of materials will be
converted.2−6 Thus, according to this background, the changes
in the molecular groups of materials induced by an electric
field have been applied to several practical applications, such as
in the treatment of oil sediments,7,8 comminution of break
rocks,9 separation of oil and water,10 and usage of electro-
wetting to develop superwetting materials.11 The following
question may come up: whether the molecular groups of
reservoirs can be altered with an electric field and further to
improve oil recovery? This is because the wettability of
reservoirs is closely related to the molecular groups.12

Generally, the reservoirs with a high water-wet property
enhance oil recovery. With the increasing demand for more oil
and gas, unconventional resources have gradually received
many interests from researchers and oil companies.13−15 Tight
sandstone is one hotspot of alternative resources after the
successful development of shale, which extremely arouses
desired attention.16 Significant efforts and advances (pH,
surfactant, ionic liquids, and nanofluids) have been applied to
tight sandstones, and several satisfied fruits have been tasted.
However, many substances injected in the well rarely
effectively reach the whole matrix and cause an effect because
the pore throat of tight sandstones ranges from the nanoscale
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to the microscale,17 which significantly hinders the effects in
the exploitation of tight sandstones. Furthermore, the
challenges of hard control, long-term effect, environmental,
and safety issues still remain in these methods.18 Thus, a fast,
in situ, and eco-friendly active control over the tight
sandstones to efficiently enhance oil recovery will be a
significantly welcome and urgent need.19 To date, several
electric field-related experiments indicate that the production
of oil and gas of reservoirs can be significantly improved by an
electric field,20−30 pointing out that the electric field method
exhibits an impressive potential application to oil fields.
Therefore, research on the changes in the molecular groups
of tight sandstones subjected to an electric field is necessary to
lay the groundwork in establishing the theoretical knowledge
to guide the development of tight sandstones with electric
field-related technologies.
With respect to petroleum engineering, the wettability of

reservoirs can control the flow process and determine oil−
water distribution for hydrocarbon species, influencing the
ultimate oil recovery.31,32 According to this principle,
numerous studies have tried to modulate the wettability of
reservoirs to further improve oil recovery using pH, surfactant,
ionic liquids, nanofluids, CO2, and so on.18 Commonly, the
wettability is essentially controlled by chemical and physical
factors. The physical factor is related to the surface roughness
of reservoirs, while the chemical factor refers to the molecular
groups of reservoirs. In our previous study, we have found that
the surface roughness indeed affects the wettability, whereas
the molecular groups play a dominant role in determining the
wettability of reservoirs.6 Numerous efforts also demonstrate
that the molecular groups of reservoirs affect the wettabil-
ity.33−35 For example, Zhou et al. (2015) demonstrated that
the increase in oxygen polar functional groups improves the
hydrophilic characteristic of coal dust.36 Tang et al. (2016)
indicated that oxygen-related functional groups enhance the
hydrophilic property of coal dust.37 Xia et al. (2016) presented
that the improvement in the water-wet property of the lignite is
due to the augmentation of oxygen-containing molecular
groups.38 Xu et al. (2017) showed that the increase in the
hydroxyl groups exhibits a good linear relationship with the
water-wet property of coal dust.39 Wang et al. (2017) observed
that the augmentation in the oxygen-related functional groups
enhances the water-wet property of coal dust.33 Thus, the
molecular groups of reservoirs have a close relationship with its
wettability. Usually, a high content of oxygen-containing
molecular groups causes more water wetting. Furthermore,
some scholars indicated that the aliphatic groups have a
contrary effect on the wettability.40−43 Thus, it is interesting
and crucial to investigate molecular groups, which can help to
evaluate the wettability of reservoirs.
As for the molecular groups, Fourier transform infrared

spectroscopy (FTIR) is a quick and helpful technique to
investigate the molecular groups of fossil fuels. FTIR can
recognize vibrational signals to identify the functional groups
on the surface of fossil fuels.44,45 In addition, X-ray
photoelectron spectroscopy (XPS) can analyze the chemical
property and quantitatively determine the content of func-
tional groups of fossil fuels.36,46,47 Thus, FTIR and XPS have
been broadly applied to reservoirs to reveal their molecular
groups.34,48−50 For example, Wang et al. (2017) performed
FTIR to identify the molecular groups of coal dust. The results
show that aromatic groups and aliphatic groups repel water,
while the hydroxyl groups and carboxyl groups absorb water.33

He et al. (2017) conducted FTIR to determine the molecular
groups of different-rank coals.51,52 The results indicate that the
growth of aromatic groups exhibits an upward graphitization.
Zhao et al. (2019) applied FTIR to illustrate the changes in the
molecular groups of coal subjected to high-temperature
oxidation. The results show that functional groups can be
consumed and reproduced in the oxidation process.53 Ni et al.
(2019) utilized FTIR to build a relationship between the
molecular groups and the wettability of coal subjected to
NaCl-SDS compound treatment. The results demonstrate that
aliphatic groups impose the most significant influence on
wettability, followed by aromatic hydrocarbons and oxygen-
related functional groups.40−43 Wang et al. (2017) applied XPS
to investigate the molecular groups of lignite. The results
indicate that the oxygen-related functional groups of coal
exhibit a style of side chains and crosslinking.54 Liu et al.
(2019) united FTIR and XPS to compare the molecular
groups of hard and soft coal. The results present that the
increases in aromatic groups and aliphatic hydrocarbons with
reductions in CO groups and OH groups improve the
maturity of hard coals.55 Zhang et al. (2017) combined FTIR
and XPS to study the molecular groups of low-rank coal
treated by microwave-assisted heating. The results imply that
C−O groups occupy a dominant percentage in the oxygen-
related groups.56

As reported, FTIR and XPS can be applied to reveal the
information about the molecular groups of fossil fuels. Taking
the potential application of the electric field in tight sandstones
into consideration, investigating the changes in the molecular
groups induced by an electric field enables a thorough
understanding of the role of the electric field in the tight
sandstones. Despite the fact that efforts on the relationship
between oxygen-related functional groups and the wettability
of tight sandstones treated with an electric field have been
reported in our previous study,6 several unresolved issues still
remain. For example, in our previous publication, the main
attention is given to build a relationship between oxygen-
related functional groups and the wettability of tight
sandstones treated with an electric field. The changes in the
other molecular groups (aromatic rings, hydrocarbon com-
pounds, and CC groups) are still unclear. Meanwhile, the
mechanism in the alterations for these molecular groups is still
obscure. Thus, this paper aims to reveal the changes in the
molecular groups of tight sandstones in response to an electric
field, which provides a facile route for developing tight
sandstones and induces people eager to improve the success in
applying electric field-related technologies on tight sandstones.
Notably, the role of the molecular groups in the wettability can
be referred to in our previous publication. In this study, we try
to reveal the mechanism of variations in the molecular groups.
To investigate the changes in the molecular groups of the

reservoirs triggered by an electric field, four tight sandstones
were placed into a particular core holder and subjected to
various strengths of the electric field. Nine treated powders
from three different treated regions (anode, middle, and
cathode) and one untreated powder were processed by FTIR
and XPS experiments. After that, the information about the
changes in the molecular groups of tight sandstones treated
with an electric field will be revealed through the combined
analysis of FTIR and XPS.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04334
ACS Omega 2021, 6, 29126−29136

29127

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. RESULTS
2.1. Results of FTIR. A total of 10 FTIR spectra are shown

in Figure 1. Region I presents the vibration of aromatic groups

(700−900 cm−1);56 correspondingly, the fitted results for the
bond region of aromatic groups are indicated in Figure 2a.
Region II shows the vibration of alcohol and ether (1100−
1300 cm−1),40,43 and region III indicates the vibration of the
skeleton of CC and carbonyl groups.44,57 Region II and
region III are attributed to the vibration of the oxygen-
containing structure.58 The fitted results of two regions are

shown in Figure 2b,c, respectively. Region IV demonstrates the
vibration of aliphatic groups (2800−3000 cm−1),43,59 and the
fitted results of region IV are depicted in Figure 2d. Region V
belongs to the vibration of the hydroxyl group (3000−3600
cm−1). More detailed information about the molecular groups
of tight sandstones will be discussed in the following sections.

2.1.1. Variations in Aromatic Groups. As for the aromatic
groups in Figure 2a, the peak of 729 cm−1 is the vibration of
monosubstituted benzene, the peaks of 772 and 778 cm−1

belong to the vibration of 1,2-disubstituted benzene, the peak
of 798 cm−1 presents the vibration of 1,3-disubstituted
benzene, and the peak of 887 cm−1 means the vibration of
1,4-disubstituted benzene based on the study of Ni.43 After
that, based on the definition of the area ratio, the area ratios of
various kinds of aromatic groups (700−900 cm−1) are shown
in Figure 3a, and the area ratio of total aromatic groups is
indicated in Figure 3b. Figure 3a,b implies that the area ratios
of different kinds of aromatic groups and total aromatic groups
in treated samples are all below 1.0 when tight sandstones were
treated by different strengths of electric field, showing that the
electric field drops aromatic groups. Moreover, it is found that
there is an inconsistent downward trend with the increasing
strengths of the electric field in Figure 3a,b, which indicates
that although the impact of locations still remains, the effect of
the electric field is obviously stronger than the role of locations.
Thus, the analysis of the changes in the molecular groups of
tight sandstones subjected to an electric field can be reliable.
Ferric ions (Fe3+) are produced in the anode region (eqs

1−3), passed by the middle region, and concentrated in the
cathode region with the role of an external electric field (this

Figure 1. Total of 10 FTIR spectra.

Figure 2. Fitted results for different bond regions. (a) 700−900; (b) 1000−1300; (c) 1500−1800; and (d) 2800−3000 cm−1.
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can be proved by the contents of iron elements of XPS, which
is shown in the Supporting Information).60 With respect to the
cathode region (eq 4), the impact of the oxidation effect of
ferric ions is usually higher than the effect of the reduction of
hydroxide ions.6 Thus, the oxidation reaction happens in three
treated regions (anode, middle, and cathode regions) in the
existence of the electric field.
Under the influence of the oxidation effect, the evaporation

of some small molecules with aromatic groups and the loss of
several aromatic fragments shed from C−O exhibit a
downward trend for aromatic groups.46,53 Moreover, the ring
of benzene may be cracked in the participation of the electric
field.61 Thus, the content of aromatic groups exhibits a
declining tendency under the impact of the electric field.
Anode region

2H O 4e 4H O2 2‐ → + ↑+
(1)

Fe Fe 2e2↔ ++ (2)

4Fe O 4H 4Fe 2H O2
2

3
2+ + ↔ ++ + +

(3)

Cathode region

2H O 2e 2OH H2 2+ → + ↑−
(4)

2.1.2. Changes in C−O, CO, and CC Groups. As seen
in Figure 2b, the peak of 1089 cm−1 means the vibration of C−

O−C groups,45 the peak of 1161 cm−1 belongs to the vibration
of C−O groups, and the peak of 1272 cm−1 is attributed to the
vibration of hydroxybenzene (Ar−OH) groups.45,62,63 The
fitted results of C−O−C groups, C−O groups, and Ar−OH
are presented in Figure 4a. Figure 4a shows that the area ratios
of C−O−C groups and C−O groups in treated samples are
below 1.0 with the effect of an electric field, which
demonstrates that the electric field reduces the contents of
C−O−C groups and C−O groups. On the contrary, the area
ratio of Ar−OH groups in treated samples exceeds 1.0 with the
presence of an electric field, which means that the electric field
improves the amounts of Ar−OH groups.
In terms of the molecular groups in Figure 2c, the peak of

1605 cm−1 means the vibration of CC groups, the peaks of
1632 and 1660 cm−1 belong to the vibration of CO groups,
and the peak of 1710 cm−1 is regarded as the vibration of
COOH groups.44,57 The area ratios of CC groups, CO
groups, and COOH groups are depicted in Figure 4b. Figure
4b demonstrates that the area ratios of CC groups and C
O groups surpass 1.0 with the role of an electric field, which
indicates that the electric field enhances the numbers of CC
groups and CO groups. Correspondingly, the descending
tend in the area ratio of COOH groups in Figure 4b points out
that the electric field degrades COOH groups.

Figure 3. Results of aromatic groups, (a) different kinds of aromatic groups and (b) total aromatic groups.

Figure 4. Results of fitted molecular groups, (a) C−O groups and (b) CC and CO groups.
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2.1.3. Evolutions in CH2 and CH3 Groups. As is shown in
Figure 2d, there appear six individual peaks for the vibrations
of CH groups, CH2 groups, and CH3 groups.

59 Concretely, the
peaks of 2818 and 2895 cm−1 are classified as the vibration of
CH groups, the peaks of 2831 and 2925 cm−1 belong to the
vibration of symmetrical CH2 groups and asymmetrical CH2
groups, respectively, and the peaks of 2853 and 2961 cm−1 are
attributed to the vibration of symmetrical CH3 groups and
asymmetrical CH3 groups, respectively.59 The area ratios of
CH2 groups and CH3 groups are presented in Figure 5a, and
the area ratio of the total aliphatic groups (CH + CH2 + CH3)
is shown in Figure 5b.
Figure 5a shows that the area ratios of CH2 groups and CH3

groups in treated samples are below 1.0 with an applied electric
field, indicating that the electric field weakens the contents of
CH2 groups and CH3 groups. It is also noticed that the
downward span of CH2 groups is higher than that of CH3
groups in Figure 5b. This demonstrates that CH2 groups take
more part in the chemical action than the participation of CH3
groups under the role of the electric field, with the result that
the consumption of CH2 groups is higher than that of CH3
groups. This observation corresponds to the conclusions of
Zhao.53 Furthermore, the trend of CH2 groups keeps a good
agreement with that of the total aliphatic groups (CH + CH2 +
CH3) in Figure 5b, indicating that CH2 groups occupy a
dominant percentage in the amount of total aliphatic groups.
2.1.4. Alteration in OH Groups. The area ratios of hydroxyl

groups in the bond region of 3000−3600 cm−1 and the total
hydroxyl groups [(3000 − 3600) + 1272] are shown in Figure
6. It is found that the area ratio of hydroxyl groups (3000−
3600 cm−1) of the N3A sample is less than 1.0, while the area
ratio of the total hydroxyl groups [(3000 − 3600) + 1272] of
the N3A exceeds 1.0. To sum up, the area ratios in the total
hydroxyl groups in treated samples in Figure 6 are all larger
than 1.0 under the effect of the electric field, indicating that the
electric field increases the numbers of OH groups. (The results
of XPS can also prove it, which will be discussed later.)
2.2. Comparisons between FTIR and XPS. Usually, the

binding energy of the oxygen element ranges from 528 to 538
eV. The obtained XPS curves of the oxygen element are shown
in Figure 7a. Figure 7a indicates that the amounts of oxygen
element are assuredly tuned under the influence of an electric
field. The contents of the oxygen element for treated samples
(N2, N3, and N4) are obviously higher than those of the
untreated sample (N1), demonstrating that the electric field

augments the quantity of oxygen element in tight sandstones.
In order to quantitatively refine the contents of various oxygen-
related functional groups, the oxygen element (O 1s) of 10
powders is peak-differentiated and imitated based on the rule
that the binding energies for various kinds of oxygen-related
functional groups (CO, OH, C−O, and COOR) are 531.2,
532, 532.7, and 533.4 eV, respectively.54,55 This fitting process
is depicted in Figure 7b.
The area ratios of various kinds of molecular groups

calculated through XPS are displayed in Figure 8. Comparably,
the area ratios of the corresponding molecular groups
determined by FTIR are also presented in Figure 8 to assess
the fitted results of FTIR.
With respect to the fitted results of XPS, it is found that the

area ratios of CO groups, OH groups, and COOR groups
for treated samples all exceed 1.0 under the role of the electric
field, showing that the electric field raises the contents of C
O groups, OH groups, and COOR groups. Furthermore, the
area ratios of C−O groups for treated samples are less than 1.0
under the effect of an electric field, meaning that the electric
field reduces the numbers of C−O groups. It is noticed that
the altered trends in CO groups, OH groups, C−O groups,
and COOR groups of XPS in Figure 8 nearly remain in good
accordance with those of FTIR, which supports the
aforementioned analysis from FTIR results.

Figure 5. Results of aliphatic groups, (a) symmetrical and asymmetrical CH2 and CH3 groups and (b) CH2, CH3, and total aliphatic groups.

Figure 6. Results of hydroxyl groups.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04334
ACS Omega 2021, 6, 29126−29136

29130

https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04334?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3. DISCUSSION

Current would be produced in the existence of an ionic
solution when an electric field is applied. Thus, the current
occurs once tight sandstones filled with brine water are
subjected to an electric field. After that, electrochemical actions
also come into being inside the tight sandstones. The required

element in electrochemistry action is the shift of electrons. The
movement of electrons causes the alteration of the electron
cloud, which can break the old chemical bonds. In the
meanwhile, new chemical bonds are generated. As is presented
in FTIR, no new peak has come into being, indicating that the
electric field induces mutual transformation between molecular

Figure 7. O 1s curves of XPS, (a) results of 10 samples and (b) results of fitted curves.

Figure 8. Comparisons of molecular groups between FTIR and XPS. (a) CO groups; (b) OH groups; (c) C−O group; and (d) COOR groups.
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groups. As is stated, the mechanism of chemical reaction of
tight sandstones treated with an electric field is the oxidation
reaction because of the movement of ferric ions. Thus, the
oxidation effect causes changes in the molecular groups of tight
sandstones treated with an electric field. From the analysis of
the previous results, FTIR and XPS all support that the electric
field decreases aromatic groups, C−O groups, and aliphatic
groups, whereas it increases CC groups, CO groups, and
OH groups. Here, we discuss the potential mechanisms for
alterations in these molecular groups.
With regard to oxygen-containing molecular groups (C−O,

CO, COOR, and COOH), the oxidation effect attacks the
bridge bond and side chains of the aliphatic hydrocarbon,
inducing more methyl and methylene groups (CH2 and CH3)
to be produced.53 Afterward, the methyl and methylene groups
are further transferred to C−O groups by an oxygen
substitution (eqs 5 and 6),53,64−66 which improves the content
of C−O groups. Accordingly, the aliphatic groups exhibit a
descending trend. However, C−O groups can also be
converted to CO groups in the participation of the oxidation
effect (eq 7),38,53,66,67 which somewhat consumes C−O
groups. Furthermore, several molecules with fragments derived
from the decomposition of C−O evaporate, consuming the
amounts of C−O groups. Obviously, there exists a controversy
where production and consumption occur. Thus, the changes
in C−O groups are determined by the competitive results of
production and consumption (CRPC). The declining trend of
the area ratio of C−O groups in Figure 4a indicates that the
consumption has an advantage over the role of production on
the molecular groups under the electric field conditions.
With regard to the alteration in CO groups, apart from

the conversion from C−O groups (eq 6), according to the
view of Zhao, the methyl and methylene groups (CH2 and
CH3) are transferred to CO groups under the oxidation
effect (eqs 8 and 9).53 It is noticed that eqs 8 and 9 can be
derived by combing eqs 5−7. Thus, it is speculated that the
aliphatic groups (CH2 and CH3) first transfer to C−O groups
and then convert to CO groups under the oxidized
circumstances. In addition, CO groups can be altered to
COOH groups with the help of the oxidation effect,68 which
consumes the numbers of CO groups (eq 10). Thus, CO
groups are also obtained by the CRPC. The rising trend in the
area ratio of CO groups in Figure 4b indicates that the
production has an advantage over the impact of consumption
on the molecular groups with the applied electric field.
The COOH groups can take action with OH groups to

further produce COOR groups (eq 11),69 which rather
improves the content of COOR groups and reduces the
amount of COOH groups.53 It is worth noting that the
ascending trend of 1632 cm−1 is contrary to the descending
trend of 1710 cm−1. Considering the potential reaction in eq
11, we speculate that the peak of 1632 cm−1 presents the
vibration of COOR groups. As is stated, COOH groups may
also be improved through the conversion from CO groups
(eq 10). Thus, the scenario of COOH groups is the same as
that of other oxygen-containing molecular groups discussed
above. The area ratio of COOH groups below 1.0 in Figure 4b
indicates that the consumption of COOH groups has a larger
effect than the production on the molecular groups under the
role of an electric field. Furthermore, according to our analysis,
COOR groups would be augmented, which is also proved by
XPS results.

Interestingly, oxygen gas absorbed on the active sites of the
surface engenders hydroxyl species, which further improves the
content of hydroxyl groups (OH) with further trans-
formation.69 For example, taking Ar−OH groups into
consideration, the area ratio of 1272 cm−1 in treated samples
exceeds 1.0 under the effect of an electric field, which indicates
that the electric field increases the amounts of Ar−OH groups.
This is because the peroxide from the penetration of oxygen
gas reacts with carbon-free radicals to produce the hydroxyl
groups, which greatly enhances the numbers of Ar−OH
groups.61,70 In the meanwhile, OH groups would also be
consumed due to several chemical actions (eqs 10−13). Thus,
the amounts of OH groups will be controlled by the CRPC.
The rising trend of OH groups in Figure 6 indicates that the
production in OH groups has an advantage over the
consumption on their contents of functional groups under
the influence of an electric field.
To sum up, the amounts of C−O groups, CO groups,

COOH, and OH groups are all the CRPC, with the results that
the electric field reduces the amounts of C−O groups and
COOH groups and improves the number of CO groups at
the same time.
In terms of CC groups, the area ratio of 1605 cm−1

exceeds 1.0 with the existence of an electric field, which means
that the electric field improves the contents of CC groups.
As to the reason, on the one hand, C−C groups will be cracked
and reconstructed to CC groups under the oxidation effect
conditions, enhancing the amounts of CC groups. Mean-
while, the CC groups may also be produced from the
dehydrogenation of naphthenic groups.38,66,67 This induces a
declining trend for CC groups. As to the reason behind the
fact that the CH2 groups and CH3 groups show a downward
trend with the effect of an electric field, a large amount of CH3
groups and CH2 groups can be evaporated through the
cleavage form side chains of aliphatic hydrocarbons and bridge
bonds as a result of the oxidation effect.53 Meanwhile, more
CH3 groups and CH2 groups are altered to the oxygen-related
molecular groups (CO groups, C−O groups, and COOH
groups) under the action of oxygen substitution.68 Moreover,
the hydroxyl groups react with the CH3 groups and CH2
groups to further produce the COOH groups (eqs 11 and
12),53,67 which also consumes the amounts of aliphatic groups.
Thus, CC groups and aliphatic groups would be reduced
under the influence of the electric field.

CH O C O H O2 2 2− −+ → − − −+ (5)

CH O C O H O3 2 2− −+ → − − −+ (6)

C O C O− − −→ − = − (7)

CH O C O H O2 2 2− −+ → − = −+ (8)

CH O C O H O3 2 2− −+ → − = −+ (9)

C O OH COOH− = −+ − → − (10)

COOH OH COOR H O2− −+ − → − −+ (11)

CH OH O COOH H O2 2 2− −+ − + → − + (12)

CH OH CH H O3 2 2− −+ − → − + (13)

4. CONCLUSIONS
To investigate the changes in the molecular groups of tight
sandstones under the action of an electric field, four tight
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sandstone samples were treated by various strengths of electric
field. Nine treated powders and one untreated powder were
processed by FTIR and XPS experiments. From the detailed
analysis of FTIR and XPS, several conclusions can be drawn. In
light of FTIR, the electric field decreases the contents of
aromatic groups and aliphatic groups. Furthermore, the electric
field reduces the content of C−O groups and improves the
numbers of CC groups, CO groups, and OH groups.
Moreover, no new peak occurs in FTIR spectra, indicating that
the molecular groups can be interactively transformed under
the electric field conditions. It is found that the evolutions of
C−O groups, CO groups, COOH groups, and OH groups
are all the CRPC. With regard to C−O groups and COOH
groups, the consumption has an advantage over the production
of the molecular groups. However, with respect to CO
groups and OH groups, the production has an advantage over
the consumption of their molecular groups. With regard to
XPS, XPS results show that the electric field improves the
contents of CO groups, OH groups, and COOR groups,
while it reduces the numbers of C−O groups. The fitted results
of XPS keep a good agreement with the FTIR results, which
further supports the conclusions drawn from FTIR.

5. EXPERIMENTS
5.1. Materials. Tight sandstone samples treated with an

electric field always are in the form of a cylinder, while the
standard samples detected by FTIR and XPS are all powders.
Thus, challenges remain in the comparison of the same sample
before and after undergoing the effect of an electric field.
Cautions need to be exerted when comparing the molecular
groups of tight sandstones before and after treating with an
electric field. Therefore, in order to weaken the impact of
anisotropy of reservoirs, four tight sandstones are cut from the
same outcrop, which is located in the Upper Triassic Yanchang
Formation, Ordos Basin of China. The chemical property can
be regarded as identical due to samples neighboring each
other. Four various strengths of electric field (0, 5, 10, and 15
V) were used, and the experimental conduction time remains
as 24 h. Different chemical effects occur in the anode region
and the cathode region when an electric field is applied.60,71

Thus, nine treated slices (alphabets “A”, “M”, and “C”) cut
from different regions (anode, middle, and cathode) were
acquired according to their location, respectively. Afterward,
nine treated powders and one untreated powder crushed from
these 10 slices were prepared to further be processed by FTIR
and XPS experiments. Detailed information about the
geological setting, these ten powders, experimental setup, and
experimental process can be referred to in our previous
publication.6,72

It is noticed that although the impact of anisotropy of
reservoirs has been weakened because the four tight sandstones
are obtained from the same outcrop, the differences in the
content of molecular groups originating from the locations of
the slices under various strengths of the electric field are also
worried about. Thus, in this paper, the role of various strengths
of the electric field in tight sandstones from different treated
regions (anode, middle, and cathode) will not be discussed.
Only the differences in the molecular groups between the
untreated sample (N1) and the treated samples stimulated
with an electric field (N2, N3, and N4) were highlighted and
discussed because of the same functions.
5.2. Experimental Methods. FTIR experiments: 200-

mesh powders prepared from the previous nine treated slices

stimulated with an electric field and one untreated slice were
crushed using an agate mortar. The mixture (0.5 mg powdered
samples and 120 mg of KBr) was then compressed into a
transparent sheet, which was further placed into an instrument
named as MAGNA-IR 560 E.S.P. The spectra were obtained in
a spectrum range of 400−4000 cm−1 at 4 cm−1 resolution.
XPS experiments: The transparent sheets compressed from

10 powdered samples were processed through an X-ray000 300
μm-FG ON. The Al K alpha acted as the source gun type, and
the CAE pass energy in the analyzer mode is 200.0 eV. The
energy step size is 1.000 eV, and the number of energy steps is
1261.
The area of a specific peak usually denotes its amount of the

corresponding molecular groups. However, it is somewhat
difficult to determine the area of a specific peak due to a broad
bond range and the superimposition of individual peaks for
FTIR spectra and XPS curves.55 Thus, PeakFit software for
FTIR spectra and XPSPEAK41 for XPS curves are employed
to quantitatively determine the areas of individual peaks
through the calculation of deconvolution.55,65,67,73−75 The
detailed parameters (position, area, and width) can be acquired
for various kinds of molecular groups. To better describe the
changes in the molecular groups of tight sandstones treated
with an electric field, the concept of the area ratio was
employed.65 The definition of the area ratio is the area of one
type of molecular groups in treated samples triggered with an
electric field (N2, N3, and N4 samples) divided by a base area
of relevant molecular groups in the untreated sample (N1
sample).65 Based on the definition of the area ratio, it can be
speculated that the area ratio of one kind of molecular groups
exceeding 1.0 means that the content will be improved with an
induced electric field. On the contrary, the area ratio of one
kind of molecular groups being below 1.0 indicates that the
amount will be reduced with the applied electric field.
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