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a b s t r a c t

In order to obtain a multifunctional oilfield agent with both corrosion inhibition and oil displacement
functions, a polymer with benzene ring structures is synthesized based on polyacrylamide (PAM) and
used as inhibitor for the first time. Methods including electrochemistry, weight loss and theoretical
calculations are used to study the inhibition effect for P110 steel in 1.0 M HCl. The experimental results
show that the modified polymer poly-(Z)-N-benzylidenepropionamide (PBAM) has excellent inhibition
effects, and the maximum efficiency can reach 90.62% in impedance spectroscopy tests. The benzene ring
structure added in the modified polymer provides p electrons for the adsorption of inhibitor on metal
surface, strengthens the adsorption, and thus brings a better corrosion inhibition effect. In addition to the
corrosion inhibition performance, the viscosity-increasing effect of PBAM is evaluated. The results show
that the addition of benzene ring not only enhances the corrosion inhibition effect, but also brings
temperature resistance to the polymer. However, the salt tolerance of the polymer is affected, the syn-
thesized PBAM which viscosity can above 500 mPa s at 140 �C is suitable for high temperature and low
salinity environment. The modified polyacrylamide has satisfactory corrosion inhibition and oil
displacement performance, which provides a new idea for the development of oilfield chemistry.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Petroleum, as a very important strategic energy source, every
aspect of its exploitation process is vital. In the process of oilfield
exploitation, due to factors such as the downhole environment and
acid injection production, the wellbore and oil pipeline will be
corroded to varying degrees. Corrosion can cause rapid failure of
metal pipelines and equipment, causing serious economic losses
and production safety risks (Ma et al., 2020; Mand and Enning,
2020). In order to deal with the corrosion problem in the oil field,
the researchers chose many solutions, including corrosion in-
hibitors, new materials, coatings and so on (Chang et al., 2012;
Grachev et al., 2020; Liao et al., 2018; Raps et al., 2009; Rosliza et al.,
2011). Among them, corrosion inhibitors are widely used in
downhole corrosion inhibition operations due to their advantages
of simple operation and low cost. In oilfield development, corrosion
inhibitors are needed to protect equipment and pipelines during
.

y Elsevier B.V. on behalf of KeAi Co
many processes, such as acid fracturing, wellbore lifting, and crude
oil transportation. For organicmolecules, if there are N, S, O or other
heteroatoms or ring structures in molecular structures, then these
organic molecules have the possibility of becoming corrosion in-
hibitors (Wang et al., 2010). At present, some polymers have been
tried for corrosion protection of metals due to their heteroatom
functional groups (Atta et al. 2011; Biswas et al., 2015; Cui et al.,
2019). In the current research on the use of polymers as anti-
corrosion, a considerable part of them uses biological materials
such as chitosan. Although biological macromolecules can play a
very good role in inhibiting corrosion, their sources limit their
large-scale application in oil fields, and polymers that can already
be produced in low-cost industrial production have advantages in
this regard. In addition, compared with synthetic polymers, bio-
logical macromolecules are easier to decompose or fail in the
complex environment of oil fields, which is another important
reason for the limited use of macromolecular corrosion inhibitors in
oil fields.

In the process of crude oil extraction, in addition to preventing
corrosion of equipment and pipelines. Enhanced oil recovery (EOR)
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Abbreviations and symbols

Abbreviations
PAM polyacrylamide;
PBAM poly-(Z)-N-benzylidenepropionamide
EOR enhanced oil recovery
SEM scanning electron microscope
EDS element distribution scanning system
DFT density functional theory
GGA generalized gradient approximation
BLYP the correlation function set of Becke-Lee-Yang-Parr
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital

5.2 Symbols
C concentration, mg/L
i corrosion current density, mA/cm-2

bc cathode slope, V/dec
ba anode slope, V/dec
Ecorr corrosion potential, V
h efficiency, %
Rs solution resistance, U
Rct charge transfer resistance, U
Q phase angle element
Cdl electric double layer capacitance, mF/cm2

Vcorr corrosion rate, mm/y
R gas constant, 8.314 J/mol∙K
T absolute temperature, K
M relative molecular mass
DG Gibbs free energy, kJ/mol
EHOMO energy of highest occupied molecular orbital, eV
ELUMO energy of lowest unoccupied molecular orbital, eV
EA electron affinity; I:ionization potential
DN electrons fraction
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after water injection development is also an important part of
increasing crude oil production. After the water injection produc-
tion enters the middle and late stages, the water content of the oil
well will become higher and higher, and the output will drop
rapidly. In this case, further improving oil recovery is an important
task that oil workers must undertake, and it is also a challenge that
oilfield development has been facing (Guo et al., 2021). In con-
ventional methods of EOR, polymer flooding technique belongs to a
very efficient technique, this technique has the advantage of low
cost of raw materials and simple actual production (Zhen et al.,
2011). The mainly method of polymer flooding is injecting high
molecular weight polymer into water, increase the viscosity of
water, which can improve the oil displacement efficiency. The
schematic diagram of polymer flooding is shown in Fig. 1. Polymer
flooding technology has a history of at least 50 years, among which
the most common polymer used in large-scale applications are
HPAM and xanthan (Firozjaii and Saghafi, 2020). In addition, some
biopolymers have been synthesized and tested for polymer flood-
ing in recent years, but no large-scale application has been seen
(Firozjaii and Moradi, 2018). PAM has the advantages of abundant
raw materials, low cost and better effect. It is the most common
polymer-driven polymer. However, the application of PAM in high
temperature and high salt reservoirs has certain limitations. Xan-
than gum is another polymer flooding agent that is currently
widely used, but there are fewer reports of xanthan gum compared
Fig. 1. The schematic diagram of polymer flooding.
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to PAM (Huh and Pope, 2008). Generally speaking, xanthan gum is
more resistant to temperature and salinity than PAM, so xanthan
gum will show better performance at lower temperature salinity.
However, under high temperature and high salinity, xanthan gum
will also suffer degradation problems (Kamal et al., 2015). In
addition, the higher cost of xanthan gum compared to PAM and the
prone to breeding of microorganisms further limit its larger-scale
application. In order to improve the temperature and salt resis-
tance of polymers, a common method is to add small amount of
crosslinking agent to make the polymer form weak crosslinking
system that is hard to be degraded. At present, the main application
of polymers, especially PAM, in oilfields is still concentrated in
enhanced oil recovery technology, and there are few researches on
the application of PAM in other oilfield chemistry fields.

In oilfield production, there are already corrosion inhibitors and
viscosifiers that have achieved industrial applications. However, in
recent years, many oil fields have put forward the research and
development needs of multifunctional agents. Multifunctional
agents can have different effects such as oil displacement, emulsi-
fication, corrosion inhibition, etc. according to the amount and
usage conditions. The use of multifunctional agents in oilfield can
reduce the storage and transportation costs caused by the use of
multiple agents and simplify the operation process. Multifunctional
agents can provide positive significance for improving the eco-
nomic efficiency of oilfield development. In this study, poly-
acrylamide is modified, and a derivative of PAM, PBAM, is obtained.
The chemical structure is shown in Fig. 2. PBAM is synthesized for
the first time in this study. This molecule introduces a Schiff base
group in polymer chain, polymer has a promoting effect on
increasing the viscosity of the water phase, and the Schiff base has
been proven to be used for corrosion protection. These two struc-
tures are placed in molecule at the same time, which is to make the
product have both characteristics of these two groups. The corro-
sion inhibition effect of polymers on P110 steel in hydrochloric acid
is tested. Testing methods include electrochemical method,
weightlessness method, surface analysis, etc. After that, quantum
chemistry is used to study the corrosion inhibition mechanism of
PAM and PBAM. In addition, the viscosity-increasing effect of the
polymer on water before and after the modification is tested. This
research expands new research directions for polymer flooding and
also provides new ideas for oilfield corrosion protection.



Fig. 2. The chemical structure and modification process of PBAM.
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2. Material and methods

2.1. Material

In the corrosion experiment, 1.0 M HCl is selected as the
corrosion medium, and 37% wt concentrated hydrochloric acid is
used to prepare the corrosion solution. In all experiments, the
corrosion temperature is set to 30 �C. The material used for
corrosion is P110 steel, and the composition of this material is given
in the supply materials (Table S1). Before experiments, the surface
of the steel is cleaned with petroleum ether, and then cleaned with
ethanol and deionized water. The cleaned sample is dried in a ni-
trogen environment for later use (Liao et al. 2016, 2017). The PAM
used for corrosion inhibitor synthetic is AR grade, and the molec-
ular weight is about 5 million. In synthesis experiment, certain
quality of PAM is weighted and slowly added to distilled water
under stirring conditions. After PAM is completely dissolved, the
solution is stand for 24 h. After that, the benzaldehyde is weighed
out according to the set proportion and dissolved in small amount
of ethanol, and then this solution is slowly added to PAM solution
under stirring conditions. The reaction is carried out at 80 �C for
12 h under a nitrogen atmosphere. After reaction, part of the sol-
vent is distilled under reduced pressure, and the remaining reac-
tant are dried and pulverized in a vacuum freeze dryer to obtain the
synthetic product PBAM. The structure of PAM and PBAM is char-
acterized by infrared spectroscopy to confirm that the synthesis
reaction has been successfully carried out. The detailed test results
of the infrared spectroscopy are given in the supply materials
(Fig. S1).

In the viscosity test experiment, in order to evaluate the salt
resistance of the polymer, simulated water is prepared according to
the on-site formation water of an oil field in Xinjiang, China. The
preparation method of the simulated water is as follows: weight
38.02 g CaCl2, 3.10 g MgCl2, 0.81 g KCl, 0.14 g Na2SO4, 0.13 g NaHCO3
and 197.29 g NaCl with a balance. After that, these mixtures are
dissolved with deionized water and prepared to 1 L solution. When
testing the effect of salinity on gelation, the formation water is
diluted according to the required salinity. In order to prepare the
polymer glue used for polymer flooding, the polymer of the cor-
responding quality needs to be weighed according to the required
concentration before the test, added to the simulated formation
water or deionized water and fully stirred for 2 h, sealed and
matured for 24 h to make a base fluid for later use (Wang et al.,
2011).

2.2. Corrosion inhibition measurements

2.2.1. Electrochemical tests
The electrochemical tests of polymer's corrosion inhibition

performance include potentiodynamic polarization curves (Tafel
curves) and impedance spectroscopy. All tests are carried out in a
flat corrosion electrolytic cell. The instrument is CHI660E electro-
chemical workstation, and the test system is a working electrode-
reference electrode-counter electrode system composed of P110
399
specimen-Ag/AgCl-platinum sheet (Cui et al., 2019; Sedik et al.,
2020). Before the test, samples are immersed in the corrosive so-
lution for at least 1 h to ensure that the open circuit potential (OCP)
of the system is stable, and then corresponding tests are carried out
(Abd-Elaal et al., 2017). The scanning range of Tafel curve experi-
ments are determined to be 0.5 V on the left and right sides of the
OCP, and the scanning rate is 0.1 V/s. In the impedance test, the AC
frequency range is 200,000e0.1 Hz, and the amplitude is 10 mV
around OCP (Salarvand et al., 2017). In order to ensure the accuracy
of the results, each group of experiments carry out three parallel
experiments, after confirming that there is no obvious error be-
tween the parallel experiments, data analyzing will be carried out.
All test results are analyzed after fitting processing using corre-
sponding software.

2.2.2. wt loss method
In weight loss experiments, the processed samples are

immersed in different concentrations of corrosion inhibitor solu-
tions for 72 h (Umoren et al., 2015). After that, the corrosion
products on the surface of samples are cleaned, then remaining
mass of the samples are weighted (Mobin et al., 2017). The corro-
sion rate and corrosion inhibition efficacies are calculated, equa-
tions which are used can be found in supply materials (Eq. (S1) and
Eq. (S2)) (Gao et al., 2009). All experiments are repeated three
times, and the results are averaged to reduce possible errors. After
obtaining the static weight loss results, in order to further evaluate
the corrosion inhibition performance of PBAM, dynamic corrosion
evaluation is carried out. The samples used included P110S, 20#
and 316L in addition to P110.

2.2.3. Scanning electron microscope (SEM) study
In order to analyze the influence of the corrosion inhibitor on

the surface of P110 sample, Qunta 200F scanning electron micro-
scope is used to test the surface morphology of the steel specimen
before and after corrosion. Before the test, all samples are
immersed in different corrosive media (corrosion inhibitor con-
centration is 500 mg/L) for three days and dried in a nitrogen
environment. After scanning the surface morphology, the element
distribution on the metal surface is obtained through element
distribution scanning system (EDS) (Cui et al., 2019).

2.3. Computational studies

In order to explain the mechanism of corrosion inhibitor from
the perspective of molecular structure, theoretical calculations are
carried out on the molecular structure, electronic arrangement and
adsorption of the corrosion inhibitor on the iron surface. Materials
Studio software is used for calculation. In the calculation, because
the actual polymer is a super-large molecule with repeating units,
in order to simplify the calculation, the structural units of PAM and
PBAM are used for molecular simulation. In the process of molec-
ular structure simulation, the calculation is completed based on
density functional theory (DFT), and themodule used is DMol3. DFT
theory expresses the kinetic energy of an atom as a functional of
electron density, and adds the classical expressions of nucleus-
electron and electron-electron interaction (both effects can be
expressed by electron density) to calculate the energy of the atoms.
All calculations are performed using the generalized gradient
approximation (GGA) and the correlation function set of Becke-Lee-
Yang-Parr (BLYP) (Liao et al., 2018). The calculation type is Geom-
etry Optimization, and the calculation includes Density of states,
Frequency and Orbitals.

After obtaining the optimized structure of the polymer struc-
tural units, the Fe (110) surface is established, and the adsorption
process of the polymer units on the surface is simulated. In order to
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provide sufficient depth for the simulated structure and ensure that
only non-bonded interactions occur between organic molecules
and surface iron atoms, the number of iron atoms layers is set to 5.
The calculation process uses the adsorption locator module, and the
forcefield is universal forcefield (Raghavendra, 2020).
2.4. Viscosity test of polymers for flooding

In the viscosity test experiment, the additive amount of polymer
is 0.5% wt. In the polymer temperature resistance test, take the
mature polymer base liquid prepared with deionized water, add
0.1% stabilizer and cross-linking agent, stir it thoroughly complete
dissolved and pour it into ampoule bottles. These ampoule bottles
are placed in ovens at different temperatures after being vacuum
treated (Guo et al., 2021). The cross-linking reaction is carried out in
ampoule bottles. After gelatinized, gels are taken out and the
apparent viscosity of the system is tested with a HAAKE MARSIII
rheometer. In the polymer salt resistance test, the base liquid is
prepared with simulated water of different salinity, and after the
Fig. 3. Electrochemical images of PAM and PBAM (a, b: Tafel cu
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same operation, it is placed in an oven at 140 �C to form a gel. After
gelation, the apparent viscosity of the system is tested by HAAKE
MARSIII, too. All polymers are prepared in three copies at the same
time, and parallel experiments are performed to ensure the accu-
racy of the experimental results. In viscosity tests, the CC26Ti
tumbler measuring system is selected for system viscosity deter-
mination, the test mode is CR, the speed is 7.2 s-1, the time is 60 s,
the measurement point is 10, and the integration time is 3 s;
3. Results and discussions

3.1. Electrochemical studies

3.1.1. Tafel curve analysis
The results of the Tafel curves are shown in Fig. 3. It can be seen

from Fig. 3 that no matter whether PAM and its derivatives are
added, the shape of the polarization curves have not changed
significantly. The stability of the shape of Tafel curves shows that
the addition of polymer does not change the reactionmechanism of
rves of PAM & PBAM; c, d: Nyquist plots of PAM & PBAM).



Table 1
Tafel parameters of PAM and PBAM for P110 steel in 1.0 M HCl.

Inhibitors C (mg/L) i (mA/cm-2) bc(V/dec) ba (V/dec) Ecorr(V vs. SCE) h (%)

PAM 0 2.351 �0.153 0.150 �0.432 e

50 1.856 �0.153 0.136 �0.419 21.05
100 1.508 �0.145 0.128 �0.418 35.86
200 0.938 �0.132 0.118 �0.413 60.11
300 0.652 �0.124 0.111 �0.410 72.28
500 0.446 �0.116 0.106 �0.413 81.02

PBAM 0 2.110 �0.270 0.189 �0.398 e

50 0.371 �0.134 0.162 �0.432 82.41
100 0.313 �0.116 0.139 �0.454 85.18
200 0.289 �0.114 0.126 �0.449 86.28
300 0.265 �0.112 0.124 �0.458 87.43
500 0.255 �0.111 0.123 �0.470 87.90

Fig. 4. Circuit used for fitting Nyquist plots.

Table 2
Nyquist plots parameters for P110 steel in 1.0 M HCl with PAM and PBAM.

Inhibitors C(mg/L) Rs(U cm2) Rct(U cm2) Cdl(mF/cm2) n h %

PAM 0 3.81 11.55 137.62 0.92 0
50 3.80 14.01 132.90 0.91 17.56
100 3.77 17.23 130.12 0.90 32.96
200 3.84 29.67 124.70 0.91 61.07
300 3.86 42.93 107.62 0.91 73.09
500 3.85 61.44 88.90 0.92 81.20

PBAM 0 5.26 21.59 55.98 0.87 0
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the corrosion reaction (Wang et al., 2011). For PAM, when the
concentration is low, the curve does not drop significantly. As the
concentration increases, the curve gradually moves downward. The
downward shift of Tafel curves mean a decrease in the corrosion
current density, and the decrease in this parameter indicates that
the corrosion is inhibited (Paul et al., 2019). For PBAM, the corrosion
current decreases significantly at a lower addition amount, indi-
cating that the protective performance of modified PAM against
hydrochloric acid corrosion may be more satisfactory. In order to
quantitatively analyze the Tafel results, the test data is fitted, and
various parameters of the curve are obtained and filled in Table 1.
The corrosion inhibition efficiency is calculated using the Eq. (S3) in
supply materials (Ahmed and Habib 2014).

It can be seen from Table 1 that the corrosion inhibition efficiency
of PAM increases as the concentration increases. At 50 mg/L, the
corrosion inhibition efficiency is only 21.05%. When the addition
amount reaches 500 mg/L, the corrosion inhibition efficiency rea-
ches 81.02%. For PBAM, when the addition amount is 50 mg/L, the
efficiency exceeds the efficiency that the 500 mg/L of PAM, and the
value is 82.41%. After that, with the gradual increase in the added
amount, the efficiency slowly increases, and the efficiency reaches
87.90% at a concentration of 500 mg/L. The obvious increase in
corrosion inhibition efficiency shows that the modification does
increase the corrosion inhibition performance of polymermolecules.

According to Tafel curve, in addition to get the corrosion current
density and efficiency of the corrosion inhibitor at different con-
centrations, the corrosion potential, cathode and anode slope of the
corrosion curve under this condition can be obtained. These two
slopes are often used to analyze the effect of corrosion inhibitors
(Gao et al., 2009). Table 1 also shows these parameters. Whether
PAM or PBAM is added, it can be found that both the cathode slope
and anode slope of the corrosion reaction decrease slowly with the
increase of the concentration, which shows that the polymer
simultaneously inhibits the two processes of metal dissolution and
hydrogen evolution in the corrosion reaction (As et al. 2020).
Regarding the corrosion potential of the corrosion inhibitor, if the
offset of the corrosion potential exceeds 85 mV after adding the
corrosion inhibitor, then it can be used as a basis to determine
whether the corrosion inhibitor belongs to the cathode type or the
anode type(Tourabi et al., 2013; Zulkifli et al., 2017). It can be seen
from Table 1 that the maximum potential excursion of PAM is
22 mV, and the maximum excursion of PBAM is 72 mV, neither
exceeding the limit of 85 mV. It can be judged from this that,
whether modified or not, PAM acts as a mixed corrosion inhibitor
for the corrosion of P110 steel in HCl.
50 5.18 72.23 53.09 0.85 70.11
100 5.85 116.1 47.42 0.89 81.40
200 5.93 121.8 46.03 0.88 82.27
300 5.91 157.0 39.87 0.89 86.24
500 5.98 230.2 29.60 0.88 90.62
3.1.2. Impedance spectroscopy results and analysis
After obtaining impedance test data, Nyquist plots, which al-

ways be used for analyzing and describing the experimental results,
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are fitted and drown from these data (Abdulazeez et al., 2019). The
Nyquist plots of PAM and PBAM are shown in Fig. 3. The analog
circuit used is given in Fig. 4. From Fig. 3, it can be seen that the
Nyquist plots of polymers are not standard semicircular arc shape.
The roughness and unevenness of the steel specimen surface may
be an important reason for this phenomenon (Nik et al., 2010). As
the concentration of corrosion inhibitor increases, the semi-major
axis of the impedance arc keeps getting bigger length. The bigger
length semi-major axis means that the charge transfer resistance in
the corrosion system at this time is greater, which is not conducive
to the progress of the corrosion reaction (Yadav et al., 2012). This
phenomenon can prove that the two polymers can inhibit the
corrosion of metals in solution. For directly perform quantitative
analysis on the Nyquist plots, the relevant parameters of the
impedance spectrogram are calculated. The calculation results are
given in Table 2. The formula used in the calculation is Eq. (S4) and
Eq. (S5) in supply materials.
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In Fig. 4, Rs represents the solution resistance, Rct represents the
solution transfer resistance, and Q is a phase angle element. The
properties of Q can be determined by the value of n, which is
calculated by fitting: the closer n is to 0, the closer the properties of
Q are to a complete resistance; on the contrary, the closer to 1, Q
will be closer to pure capacitance (Haque et al., 2021). It can be seen
from Table 2 that as the concentration increases, the charge transfer
resistance of the two polymer systems continues to rise, and finally
reaches the maximum when the concentration reaches 500 mg/L
(61.44 U and 230.2 U for PAM and PBAM respectively). At the
maximum concentration, the corrosion inhibition efficiency of PAM
is 81.20%, while that of PBAM reaches 90.62%. Experimental results
show that both polymers can be used as corrosion inhibitors for
P110 steel. Further comparing the results, it can be found that no
matter from the comparison of charge transfer resistance or effi-
ciency, the corrosion inhibition performance of PBAM is much
better than that of PAM, indicating that the modification has a
significant effect on the improvement of corrosion inhibition.

In addition to the charge transfer resistance, the electric double
layer capacitance (Cdl) also decreases with increasing concentra-
tion, which is another evidence that the polymer inhibits steel
corrosion. Analyzing from the structures of two polymers, for PAM,
groups with N atom and O atom in the molecule can provide
electrons for the empty orbital of the iron atom on the metal sur-
face, forming adsorption between polymers and metal surface. This
process will result in an adsorption film on the metal surface. The
existence of this film makes it more difficult for the corrosive me-
dium to contact the iron surface, thereby protecting the metal.
However, the strength of this adsorption may be little weaker, so
the protection effect is limited. Compared with PAM, PBAM has
extra benzene rings in its structure. The benzene ring structure
provides more p electrons, resulting in stronger adsorption be-
tween PBAM and metal, forming a better protective layer, and
showing higher corrosion inhibition efficiency. The results of
electrochemical experiments prove that PAM and PBAM can be
used as corrosion inhibitors for P110 steel, and at the same time, the
PBAM effect obtained after modification is more excellent.

3.2. wt loss method

3.2.1. Corrosion rate and inhibition efficiency
The corrosion rates and corrosion inhibition efficacies obtained

in the weight loss experiment are shown in Table 3. It can be clearly
seen that in the blank corrosion, the corrosion rate of P110 steel
specimen reaches 27.38 mm/y. Such a high corrosion rate means
that the steel will corrode rapidly and fail in this environment.
When PAM is added, the corrosion rate decreases. When the con-
centration is 500 mg/L, the corrosion rate decreases to 5.19 mm/y,
corresponding to the efficiency of 81.04%. Although PAM can inhibit
Table 3
Corrosion rates and inhibition efficiencies of PAM and PBAM.

Inhibitors Concentration (mg/L) Vcorr (mm/y) h (%)

Blank 0 27.38 e

PAM 50 21.61 21.07
100 17.55 35.90
200 10.92 60.12
300 7.59 72.28
500 5.19 81.04

PBAM 50 4.32 84.22
100 3.77 86.23
200 3.37 87.69
300 3.09 88.71
500 2.68 90.21
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the corrosion rate of steel, the corrosion rate is still too high and
cannot achieve satisfactory results. After adding PBAM, the effi-
ciency can reach 90.21% at 500 mg/L, and the corrosion rate is
2.68 mm/y. Compared with PAM under the same concentration, the
corrosion rate is almost reduced by half. The corrosion inhibition
effect shown by PBAM is obviously more satisfactory, and it can
better protect the steel from corrosion medium.

3.2.2. Dynamic corrosion evaluation of different types of steel
Through electrochemical tests and static weight loss, it has been

confirmed that the corrosion inhibition performance of PBAM is
significantly stronger than that of PAM. In order to further evaluate
the corrosion inhibition ability of PBAM, P110, P110S, 20# and 316L
steel samples are used for dynamic corrosion evaluation. The
corrosion is carried out in the corrosion reactor, and the stirring
speed is 120 r/min. The experimental results are shown in Fig. 5. For
P110, P110S and 20# samples, the addition of PBAM can greatly
reduce the corrosion rate of hydrochloric acid and reduce the
damage of hydrochloric acid corrosion to the samples. For these
three samples, the corrosion inhibition rate of PBAM finally reached
about 90%. For 316L, the corrosion inhibition rate of PBAM just
exceeded 70%, but this does not mean that PBAM is invalid for 316L
steel: 316L steel has strong corrosion resistance itself, which can be
seen from the far lower blank corrosion rate than other three types.
The low rate of blank corrosion caused the corrosion inhibition
efficiency of PBAM cannot reach high values. But PBAM can also
effectively reduce the corrosion rate of 316L steel. It can be seen
from the Fig. 5 that for the four types of samples, PBAM can
effectively reduce the dynamic corrosion rate of HCl, indicating that
PBAM is an effective corrosion inhibitor, which is consistent with
the conclusions obtained in previous experiments.

3.2.3. Adsorption isotherm
Generally speaking, organic corrosion inhibitors adsorb on the

metal surface to form an adsorption film which can prevent the
damage of the corrosive medium to the surface. Therefore,
adsorption isotherms can be used to analyze the interaction be-
tween corrosion inhibitors and metal surfaces. The adsorption ca-
pacity of the corrosion inhibitor can be described by the surface
coverage q, which is equal to the efficiency of the corrosion inhib-
itor in value. Through the weight loss test, the efficiency of different
concentrations of corrosion inhibitor at 30 �C is obtained. The
Fig. 5. PBAM dynamic weightlessness experiment results of four different types of
steel.



Fig. 6. Langmuir adsorption fitting line of PAM and PBAM.

Table 4
Adsorption process parameters of polymer inhibitors.

Inhibitors Slope Kads (L/mg) R2 DG (kJ/mol)

PAM 0.008 0.542 0.982 �19.39
PBAM 0.011 19.896 0.999 �30.47
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Langmuir adsorption isotherm equation is used to fit the data, and
the fitting formula is as follows (Shen et al., 2018):

C = q ¼ 1=Kads þ C Eq.(1)

where C represents the inhibitor concentration, Kads is a constant
related to the adsorption isotherm equation, which represents the
affinity between the surface of steel and organic molecules. Kads can
be calculated by the intercept of the fitted line equation (Han et al.,
2019). Fig. 6 shows the fitting results of the two polymers, and the
relevant parameters are given in Table 4.

Whether it is from the degree of agreement between the orig-
inal data and the fitted lines or directly based on the correlation
coefficient in Table 4 (0.982 and 0.999 for PAM and PBAM,
respectively), it can be concluded that the adsorption of PAM and
PBAM on P110 surface highly follows the Langmuir adsorption
isotherm. The fitting result is close to the Langmuir adsorption
isotherm, which means that the adsorption of the two on the P110
steel surface is closer to the single-layer adsorption. It can also be
seen from Table 4 that the Kads value of PBAM is higher, which
means that the affinity between PBAM and P110 surface is better,
which may produce stronger adsorption. After the isotherm fitting
parameters are obtained, the Gibbs free energy (DG) of adsorption
is calculated using following formula:

DG¼ � RT lnð55:5Kads �MÞ Eq.(2)

where R is the gas constant (8.314 J/mol∙K), T is the absolute
temperature (303 K) and M is the relative molecular mass. Gibbs
free energy is an important index to judge the nature of adsorption.
When DG is less than�40 kJ/mol, the adsorption is considered to be
chemical adsorption. At this time, the adsorbent and the adsorbate
are connected through the formation of chemical bonds. When DG
is greater than �20 kJ/mol, only the exchange of electrons between
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molecules and metal surface takes place. At this time, physical
adsorption occurs. When DG is between these two values, physical
adsorption and chemical adsorption occur simultaneously on the
metal surface (Cao et al., 2020). It can be seen from Table 4 that the
DG of PAM is �19.39 kJ/mol, indicating that PAM only physically
adsorbs on the metal surface. The DG of PBAM is �30.47 kJ/mol,
indicating that PBAM can take place mixed adsorption on P110
surface. Generally, chemical adsorption is stronger than physical
adsorption. Both polymers can be physically adsorbed on steel
surface, but PBAM additionally occurs chemical adsorption.
Therefore, the adsorption effect of PBAM is stronger, the connection
with the metal surface is closer, and the metal surface can be better
protected from damage. From the analysis of molecular structure,
PAM only contains amide groups, and the electrons that can be
provided and the degree of freedom of these electrons are very
limited, and it is difficult to form a strong interaction with iron
atoms. In addition to N and O atoms, PBAM also contains benzene
ring structures, which can provide p electrons for adsorption. In the
adsorption process, PBAM can interact with the iron surface by p-p
interaction, and the strength of this interaction is generally very
high, so the adsorption effect of PBAM is stronger than PAM (Cao
et al., 2020). Through the fitting and analysis of adsorption iso-
therms, it can be judged that the adsorption performance of PBAM
is better than PAM, and PBAM is more suitable as a corrosion in-
hibitor for steel. The conclusions obtained from the adsorption
isotherm study are consistent with those obtained before.

3.2.4. SEM-EDS microanalyses
In order to study the effect of corrosion inhibitor on the metal

surface, SEM is used to obtain the surface micro morphology of the
samples treated in different corrosive environments, and the micro
photos are shown in Fig. 7. In addition to the microscopic
morphology, elemental analysis is also used to analyze the surface
elements of P110, and the results are also given in Fig. 7. In Fig. 7 a, a
large number of pits and damage caused by corrosion appear on the
surface of steel without any corrosion inhibitor. As time increases,
this damage will become more and more serious and eventually
lead tomaterial failure. In blank corrosion, there are a large amount
of chlorine on the surface of the sample. The element chlorine in-
dicates that there is the participation of chloride ions in these
destruction processes, and there may be chlorine in the corrosion
products of the metal surface. A small amount of oxygen may be
related to partial oxidation during sample processing.

In Fig. 7b, compared to Fig. 7a, the damage and pits that can be
observed are reduced, but the corrosion of the metal surface is still
not optimistic, and a considerable part of the corrosion damage still
exists. This phenomenon shows that PAM can only inhibit the
corrosion of steel to a certain extent, and the protection effect is not
satisfactory. In Fig. 7c, there are almost no corrosion pits visible on
the surface of the steel sheet. Instead, there is an approximately
layer structure, which may be formed by the adsorption of the
PBAM onmetal surface. Comparing themicrophotographs, it can be
inferred that PBAM is more suitable for steel corrosion protection
than PAM. Further analyzing the elemental distribution scanning
results of the surface, P110 surface treated with PAM and PBAM are
compared. In Fig. 7b, the chloride element on the surface of the
specimen decreases, the oxygen element has increased, and a small
amount of N element has appeared at the same time. It shows that
PAM inhibits corrosion damage to a certain extent, and at the same
time partially adsorbs on the metal surface. In Fig. 7c, unlike Fig. 7a
and Fig. 7b, in the presence of PBAM, the chlorine element is greatly
reduced, and the distribution of N element is denser visible. This
phenomenon shows that the adsorbed amount of PBAM on the
metal surface is more than PAM, effectively inhibiting corrosion
damage. SEM-EDS test results show that both PAM and PBAM can



Fig. 7. Microstructure and element distribution on the surface of the sample after corrosion (a: blank corrosion; b: with PAM; c: with PBAM).
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reduce the damage occurs on the metal surface, and this protective
effect is achieved by the adsorption of organic molecules on the
metal surface. PAM can only partially reduce the damage to the
metal surface. PBAM has a stronger protective effect than PAM,
which is consistent with the previous conclusions.

3.3. Computational chemistry studies

3.3.1. Quantum chemical computation
Generally speaking, organic corrosion inhibitors are adsorbed

on the metal surface to form a protective layer to isolate the in-
fluence of corrosive substances. This process is affected by the
structure of organic molecules. If there are heteroatoms or cyclic
structures in the molecule, it is very likely that the molecule can
desirable adsorption on metal surface. By calculating the organic
molecules and obtaining the relevant data of the molecular frontier
orbits, the adsorption performance and corrosion inhibition per-
formance of the molecules on the metal surface can be predicted.
Frontier orbitals can be divided into the lowest unoccupied mo-
lecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) (Cen et al., 2019).When interacting with themetal surface,
the frontier orbitals of the molecule will exchange electrons with
the orbitals of the iron atoms. Through density functional theory
calculations, the structural units of PAM and PBAM are calculated,
and their optimized structure and frontier orbitals are obtained.
The obtained structures are shown in Fig. 8. In addition to the
orbital structure, the frontier orbital energy and related parameters
of the two molecules are also calculated, and the results are shown
in Table 5.

After obtaining the orbital energy of the molecule, the electrons
fraction DN between the organic structure and the iron atom can be
obtained by calculation. The data and formula required for the
calculation are given in the supporting material (Eq. (S6) to Eq.
(S10)). If DN is a positive number, then during the adsorption pro-
cess, the metal will lose electrons and the electrons will be trans-
ferred to organic molecules. If DN is less than zero, the opposite is
true, the metal surface will become an acceptor of electrons from
organic molecules (Dutta et al., 2015; Geerlings et al., 2003). It can
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be seen from the table that the DN of PAM and PBAM are 0.948 and
1.249, respectively, which means that when they are combined
with the metal surface, they will accept the electrons lost by the
iron atoms. As the electron-acquiring party, the LUMO orbitals of
organic structures will be used to accept electrons. At this time,
PBAM with lower ELUMO may obtain these electrons more easily. It
can be predicted that PBAM may have better corrosion inhibition
performance. In addition, when DN is between 0 and 3.6, organic
molecules are considered to be good corrosion inhibitors, and the
corrosion inhibition performance becomes better as DN increases
(Khaled, 2010; Olasunkanmi et al., 2015). Both PAM and PBAM have
N in this range. PBAM has DN of 1.249, which is higher than PAM.
Therefore, the corrosion inhibition performance of PBAM may be
even better. Through quantum chemical calculations, it can be
concluded that both polymers can be used as corrosion inhibitors,
and PBAM may exhibit more satisfactory corrosion inhibition per-
formance, which is consistent with the conclusions obtained from
actual experiments.

3.3.2. Adsorption model and energy calculation
In order to simulate the adsorption of the corrosion inhibitor

from a microscopic point of view, after obtaining the optimized
structure of the corrosion inhibitor molecule, an Fe(110) plane is
established to simulate the adsorption of the corrosion inhibitor on
themetal surface. The calculated adsorption configuration is shown
in Fig. 9. It can be seen from the figure that the organic structures
and the metal surface remain approximate parallel. This structure
may be due to the relatively uniform distribution of the boundary
electrons of the molecules. The relatively flat adsorption of organic
structures on the metal surface can provide a great obstacle to the
contact between the acidic medium and the metal, and inhibit
metal corrosion. Through calculation, the adsorption energy of
polymer units is obtained, and the calculation results are given in
Table 6.

Adsorption energy includes deformation energy and rigid
adsorption energy. The former is the energy released in the process
of surface stretching after organic molecules are adsorbed on the
metal surface. The rigid adsorption energy is the energy released



Table 5
Frontier orbitals parameters of polymer units obtained by calculation.

Molecules EHOMO(eV) ELUMO(eV) I EA c(eV) z(eV) DN

PAM �4.687 0.472 4.687 �0.472 2.1075 2.5795 0.948
PBAM �4.882 �2.054 4.882 2.054 3.468 1.414 1.249

Fig. 8. Optimized structures and frontier orbitals of polymer units.
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when organic molecules first adsorb on the metal surface (Liao
et al., 2018). It should be pointed out that during the simulation,
only the structural units of the polymer are studied, and only non-
bonding effects are considered. Therefore, the calculated results of
adsorption energy only include the physical adsorption part, and
the adsorption energy value may be different from the actual sit-
uation. In Table 6, the adsorption energies of two structure units are
both negative, indicating that the adsorption on the Fe(110) surface
releases energy, and it is easy to form a strong adsorption.
Comparing the adsorption energy of the two, the adsorption energy
of PBAM is higher, which means that the adsorption effect formed
by PBAM may be stronger and its potential as a corrosion inhibitor
is greater. Quantum calculations are affected by formula models or
realistic conditions, and there may be some deviations between the
calculation results and the real situation. However, these calcula-
tion results can still explain the mechanism and effect of corrosion
inhibitors to a certain extent from a theoretical perspective. The
conclusions obtained from theoretical calculations and actual ex-
periments both illustrate the potential of polymers as corrosion
inhibitors, and at the same time prove that PBAM is a more satis-
factory corrosion inhibitor than PAM.

3.4. Viscosity tests of polymers for flooding

3.4.1. Evaluation of temperature resistance
The cross-linked polymer system of PAM and PBAM is config-

ured with deionized water, divided into five equal parts, injected
into ampoules, vacuumed, and placed in electric blast drying ovens
at different temperatures. After 24 h, the gel conditions results are
observed and the viscosity are determined. The viscosity data is
used to evaluate the temperature resistance of the polymer gel. The
405
results are shown in Fig. 10a. The viscosity of the PAM increases
with the increase of temperature. The main reason is that the
higher the reaction temperature, the more violent the molecular
movement, and the high temperature promotes the crosslinking
reaction. At 140 �C, the viscosity of the polymer is about 250 mPa s.
For PBAM, the viscosity of the polymer system increases between
60 �C and 100 �C, and then changes slightly between 100 �C and
140 �C. At 140 �C, the final viscosity can reachmore than 500mPa s.
The main reason for the slightly decrease in viscosity at high
temperature is that the increase in reaction temperature increases
the molecular motion, which promotes the cross-linking reaction
and increases the viscosity of the system, but too high temperature
will partially degrade the polymer chain and reduce the viscosity. A
combination of two factors led to this result. In the temperature
resistance test, both PAM and PBAM are weakly cross-linked
polymer systems for flooding with good temperature resistance,
and the viscosity-increasing effect of PBAM is better than that of
PAM. Prior to this study, the author's team had reported this cross-
linking system, and the research results showed that the system
has good thermal stability (Zhang et al., 2020).
3.4.2. Evaluation of salt tolerance
Take the formation water with different salinity and configure

the cross-linked polymer systems to inject them into the ampoules.
Then these ampoules are vacuumed and put in an electric heating
blast drying box at 140 �C. After 5 days, the gel formation and the
viscosity are measured. The result is as follows as shown in Fig. 10b.
After 5 days of aging, PAM still has a high viscosity retention rate
(viscosity maintained between 200 and 300 mPa s), even in for-
mation water with a salinity of 2.4 � 105 mg/L. It is sure that PAM
and has good salt tolerance. However, the viscosity of PBAM de-
creases rapidly with the increase of the salinity of formation water.
After 5 days of aging, it is almost completely hydrolyzed in an
environment with a salinity higher than 2.4 � 105 mg/L. The
experimental results showed that the modification of PAM
improved the temperature resistance of the polymer, but seriously
affected the salt resistance of the polymer, the salt tolerance of
products is poor. This phenomenon may be due to the fact that the



Fig. 9. Adsorption structures of polymer units on Fe (110) surface.

Table 6
Adsorption energy of PAM and PBAM calculated by adsorption simulation.

Molecules Adsorption energy(kacl/mol) Rigid adsorption energy(kacl/mol) Deformation energy (kacl/mol)

PAM �10.92 �1.67 �9.25
PBAM �19.67 �3.35 �16.31
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rigid structure of the benzene ring increases the temperature
resistance during the modification process. However, the synthesis
reaction of PBAM is carried out in the water phase, and the polymer
may form partially hydrolyzed polyacrylamide during the reaction
process, which is prone to carboxyl groups in the gel formation. The
carboxyl group is easier to combine with the calcium and magne-
sium ions in the solution to increase the density of the three-
dimensional network structure of the gel, resulting in a structure
that has a weaker binding ability to water molecules, and causes
the viscosity of the cross-linked system to decrease under high
salinity. Viscosity tests results show that both polymers can be used
as weak cross-linking viscosity-increasing systems for oil
displacement. Among them, PAM has stronger salt tolerance, but its
performance at high temperatures is average. PBAM has strong
temperature resistance, but it hydrolyzes rapidly under high
salinity. Therefore, PBAM may be more suitable for high tempera-
ture and low salinity polymer flooding systems, while PAM may be
Fig. 10. Polymer viscosity test results (a: tem
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more effective under extreme conditions. The polymer crosslinking
viscosity test shows that themodified PBAM can not only be used as
a corrosion inhibitor, but also a good temperature-resistant oil
displacement system when combined with other agents.
4. Conclusion

In this paper, PAM is modified and a Schiff base based on PAM is
synthesized and used as a corrosion inhibitor for the first time.
Experimental methods and theoretical calculations are used to
study the corrosion inhibition effect of the polymer before and after
modification on P110 steel in 1.0 M HCl solution. Weightlessness
method, electrochemical test and quantum calculation all show
that both polymers can inhibit the corrosion of carbon steel, and
the protective effect of modified PBAM is even better. The poten-
tiodynamic polarization results indicate that the polymer corrosion
inhibitor is a mixed type corrosion inhibitor. Theoretical
perature resistance; b: salt resistance).
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calculations and adsorption isotherms indicate that corrosion in-
hibitor molecules can exchange electrons with iron and adsorb on
the surface of iron. The adsorption behavior of the two polymers
conforms to the Langmuirmodel, inwhich PAM can only formweak
physical adsorption, and PBAM forms mixed adsorption, so the
protection effect is stronger. The experimental results show that
the benzene ring structure introduced in the polymer provides a p-
p interaction that facilitates adsorption and enhances the perfor-
mance of the corrosion inhibitor. According to the polymer cross-
linking viscosity test, the temperature resistance of the modified
PBAM is significantly enhanced, but the salt resistance is very weak.
It is a high-temperature and low-salinity oil displacement system.
In summary, the modified polymer has excellent corrosion inhibi-
tion and viscosity-increasing potential at the same time, providing
new ideas for the development of oilfield chemistry.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.petsci.2022.01.003.
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